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FOREWORD

This is Volume 3, Book 2 o£ the history:

Project First, F-1 Combustion Stability

Program Report, prepared in compliance

with the provisions oi" Contract N_-16,

Scope of Work Para. VII-K of Mod. 71, the

Rocketdyne F-1 Engine Development Program

for the National Aeronautics and Space

Admini strati on.

ABSTRACT

A history of the F-1 Combustion Stability

Program from January through March 1965

is presented. Results of studies, tests,

and procedures are discussed and graphically

presented, and problems encountered are

described.

(Unclassified Abstract)

Ib-5615-10 lii
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INTRODUCTION

This report presents a history of the activity of the Combustion Stability

Program during the months of January, February, and March 1965. Flight

readiness testing (FRT), with the exception of the three declared stability

demonstration test_, f,r the F-1 engine system had been accomplished during

the previous quarterly period• Attention during this period, in both

testing and analysis, was directed toward the Qualification injector.

Major efforts were expended in improving the injector in four categories:

stability, performance, durability, and reliability.

R-5615-10 1
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A major milestone in bringing the F-1 engine system up to flight readiness

was accomplished during this period with the completion of three declared

FRT stability demonstration tests. Esch bomb-induced instability damped

well within the lO0-millisecond FRT specification limit, as had three

previous nondeclared stability demonstration tests. The test series

officially concluded the FRT demonstration program.

Efforts on the component s_and continued to be directed toward the develop-

ment of the Qualification injector. Ninety-nine tests were conducted during

the period on the two positions of component stand 2A to evaluate the per-

formauce and stability characteristics of ve_ious injector modifications

and Qualification candidate injectors.

A new correlation for predicting the stability of various injector designs

and evaluating the merits of proposed _odifications to existing injectors

was advanced. Its applicability to the F-1 stability program was care-

fully monitored.

Research effort was temporarily diverted from firing of the high-pressure,

two-dimensional chamber to more basic studies. These involved supercritical

droplet heating, accelerating droplet breakup, acoustic absorption, and

reprogrannning Dr. Richard Priem's combustion stability theory to incorporate

the unique boundary conditions of the two-dimensional motor.

Hydrodynamics activity was accelerated following conlpletion of installation

and checkout of the new flow collection system daring the last quarter o_

the previous year. A major portion of the effort was directed toward

improving the performance characteristics of Block 2 type injectors.
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THEORY AND A_t_vTICAL STUDIES

STABILITY

The largest and most reliable source of information applicable to the

design of improved combustors is the store of experimental data from

previous tests. The problem in utilization of these data becomes one of

separating the effects of hundreds of design and operational parameters

varied during these tests. Statistical mathematical correlation techniques

plus theoretical analysis offers the best approach in detecting pertinent

variables and the extent to which they affect combustion.

A dual approach of first postulating theoretical explanations for combus-

tion behavior and then using pertinent test results to confirm or deny the

theory has been taken. A semiempirical correlation was thus evolved, and

was used not only %o explain the results from previous tests, but also for

extrapolation in estimating the relative i_portence of the variables under

consideration. The basic concepts used for correlating the results are:

1. The overpressures observed result from changes in localized

combustion rates corresponding to explosive or detonative

proportions and are expected to conform to the laws governing

explosive theory.

2. The tendency for unstable combustion increases with those

factors conduciv_e to high explosive brisanCe and decreases

with those factors which induce attenuation effects,

Both acoustically coupled unstable combustion processes involving high-

amplitude, steep-fronted, pressure waves and the sinusoidal wave, buzz-

type instabilities were correlated under the above concepts.

I_56i5-1o 5
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The design and test variables were grouped into two basic equations which

express the energy addition, F, and the energy absorption or attenuation,

F . It was theorized that as the energy addition is increased or decreased
a

the energy absorption must be proportionally increased ox decreased to

maintain the same relative degree of stability. A plot of these two

energy terms for combustors with the same relative stability should pro-

vide a curve of constant slope passing through the origin.

The problem, therefore, is resolved into determining the answers to the

following questions:

1. Which of the design and test variables affect stability?

2. In what manner do they affect stability?

3. To what extent do they affect stability?

_. Why do they affect stability?

The answer to the fourth questions is not a necessary prerequisite to es-_--

tablishing a correlative solution of the variables as functions of F and

F a, nor is it necessarily answered by a solution. The criterion used to

evaluate the accuracy of tentative solutions is the extent to which experi-

mental data are corroborated.

The current expressions established for Fm

tan 0i/2 + 0.05
F

m Spin + 1,5

and F a are:

b "i

R-56i5-10
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Included angle of impingement of fuel and oxidizer

sprays, degrees

Oxidizer injection angle, degrees

= Angle of mismatch of oxidizer and fuel sprays, degrees

= Average thrust chamber divergent angle within the first -

3 inches from the injector face, degrees

= Chamber pressure, psia

= Tangential spacing between propellant intermixing zones,

next %o confining surfaces, inches

= Radius of thrust chamber throat, inches

= Radius of thrust chamber, inches

= Equivalent radius of a baffle compartment (Rc'= R c

for flat-face injectors), inches

= Radius of injection zone, inches

= Injection velocity of the oxidizer or fuel, ft/sec

= Initial oxidizer jet impingement angle, degrees

= -1 if the mixmatching angle, es, induces the impingement

of both fuel and oxidizer sprays on a confining surface

= +1 if the mismatching angle, 8s, reduces the impingement

of both fuel and oxidizer sprays o_ a confining surface
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This correlation generally separates the test results with various

injectors into classes which are characterized by specific stability

criteria. A plot of the result is shown in Fig. 1 . The following were

derived from an analysis of the correlation:

1. Combustion stability increases as the oxidizer dispersion is

increased near the injector face.

2. Combustion stability decreases as the fuel dispersion is

increased near _he injector face.

3. Combustion stability decreases as the interdispersion rate of

the oxidizer and fuel is increased.

_. Combustion stability decreases as chamber pressure is increased.

5. Combustion stability increases as the oxidizer injection velocity

is increased and the fuel injection velocity is decreased•

6. Combustion stability increases with increased spacing between

injection elements and between injection elements and confining

surfaces.

7. Combustion stability decreases as the degree of joint impingement

of oxidizer and fuel on confining surfaces is increased,

8, Combustion stability increases as the thrust chamber contraction

ratio is decreased•

9. The tendency for buzz-type instability to occur appears to increase

with the initial intermixing rate of the propellant.

10. The nature of the injection method next to the confining surfaces

is critical with regard to the high-amplitude, _t_ep-fronted-type

instability, as well as to the sinusoidal buzz-type instability.

P_5615-10
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_'X040-2

(_ X 040--3

_X040-1

_73-2

METASTABLE, BUZZ

0 ONE CYCLE DAMP TIME

e ONE CYCLE < To < 50 MS
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Figure 1 •
Energy Addition (F_)

vs Energy Attenuat_on

(Fa)
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11.

12.

Generally, those factors beneficial for stability appear

to be detrimental for performance.

The effects of the propellant injection method and the

orientation of the injection elements with respect to the

confining surfaces appear to affect combustion stability

more strongly than do the propellant feed system hydraulic

characteristics.

The combustion stability theories of L, Crocco, R. J. Priem, and the

Aerojet Company of Azusa, California were reviewed to determine their

potential for application to F-1 stability problems. A general compari-

son of the approaches of each of the investigators indicated that the

techniques of Priem and Crocco are quantitative in nature while the

Aerojet approach is qualitative.

Crocco considers a macroscopic system and makes little attempt to describe

the specific processes or mechanisms inv_o_ed. He'merely assumed that they

exist and that, whatever they are, they can be described by a gain and a

phase relationship. Priemand Aerojet, on the other hand, consider specific

mechanisms and attempt to incorporate them in their combustion models.

Priem constructs a one-dimensional, nonlinear model and considers two

different burning rate assumptions. Two solutions are thus obtained, one

for the asstu_ption that the burning rate equals the fuel vaporization rate

and the other assuming that the bulming rate equals the kinetic or Arrhenius

burning rate. The former assumption appears to be more applicable to large

combustion systems, while the latter is prefereable for small, laboratory-size

chambers. In contrast, Crocco appears to incorporate both vaporization and

Arrhenius burning rates into one pressure-dependent parameter.

10 R--561_--I0
I
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Aerojet's mechanism involves the available energy, i.e., energy which

could be released by the passage of a pressure wave through unreacted

propellants, and the time required to re-establish this available energy.

No method, however, is presented for computing this time. With respect

to its applicability to the F-l, the Aerojet theory is not yet developed

far enough. Qualitative light, however, is shed on possible mechanisms

for both the buzz and resurge rroblems.

Priem's model is extremely complicated, from the mathematical standpoint,

when it comes to application in multidimensional systems such as the F-1.

It is, however, being studied by the Rocketdyne Research Department for

application to the two-dimensional research thrust chambers. Crocco's

investigations have been the most extensive and appear to be the most

flexible. He does, essentially, a new investigation for each type of

instability mode encountered. His assumptions, however, do not appear

to be compatible with the F-l, although the model could explain some facets

of the problems.

INJECTUR PERFORMANCE

With the stability development of the F-I injector progressing into the

latter stages, more attention was directed toward performance. A study

was initiated to determine whether a correlation could be found between

injector type and characteristic velocity efficiency.

A comparison was made of the characteristic velocity efficiency between

injectors having double rows and single rows of injection elements. The

injectors were grouped into classes according to their pattern, test stand,

and date of test. These latter separations were made so that differences

]t-5615.-lO 11
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between test stands and differences in instrumentation over a long period

of time would not be confused with differences in the inj-_c_ors themselves.

Characteristic velocities of theoretical frozen equilibrium values were

calculated according _o the following empirical equation

where

c* r 3/2
=C 1

n=6 n=12 n=18

+ n=_ Cn rn-I + n--_ Cn rn'7 _nP + n_15 Cnrn-13(_.np)2

r = Mixture ratio

P = Nozzle inlet stagnation pressure

C = Constants
n

It _as assumed that the area of the nozzle was 962 sq in. and that the ratio

of injector-end chamber pressure to nozzle entrance stagnation pressure was

1.1_5.

A general increase in characteristic velocity efficiency was noted as a

trend with increasing fuel injection velocity. This was true up to veloci-

ties of approximately 150 ft/sec, where a reversal occurred in the trend•

This suggests that, at higher injection velocities, droplet residence time

in the combustion chamber is considerably reduced•

Specific impulse and characteristic velocity are the primary, quantities used

to relate the efficiencies of rocket thrust chamber systems. Such values

_" express the collective losses operating on a system in terms of the maximum

i¸ 12 _-5615-I0
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theoretical attainable performance. For a given thrust chamber geometry

there exists a group of losses that are inherent in the particular

hardware configuration and which can only be diminished hy design changes.

The determination of the operating efficiency of a particular component

of a system, in this case the injector, becomes contingent upon the extent

to which the rest of the components contribute to lowering the overall

efficiency of the system. For example, it would be useless to attempt

to improve the injector of a 90-percent efficient system if the accumulated

losses in the rest of the system amounted to 10-percent.

The first step in such an efficiency analysis is to outline those effects

which contribute to performance losses or gains. For simplicity, the gains

and losses inherent in a system maybe divided into three groups consisting

of chemical, heat transfer, and aerodynamic effects. Under the heading of

chemical effects are incomplete combustion, stagnation pressure losses due

to combustion, chemical recombination, and errors in thermodynamic data.

The first two items are closely related. Other chemical effects are the

influence of film coolant and propellant purity.

Heat _ransfer effects include heat losses from the hot-gas stream to the

regenerative cooling fluid, thermal radiation from the nozzle to the ambient

environment, and radiation from the exhaust plume to the interior of the

nozzle. This in turn adds heat to the regenerative coolant.

Aerodynamic effects to be considered in an efficiency evaluation are friction

between the gas stream and the chamber walls, non-one-dimensional flow,

shock losses in the nozzle, divergence losses, and non-zero propellant injec-

tion velocity. Not all of the items mentioned will contribute to an overall

lowering of the efficiency of a thrust chamber system; however, only when a

realistic estimation of these items has been made, can a theoretical value be

placed on performance increases to be gained from injector improvement.

R-561_-I0 13
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CHARACTERISTIC VELOCITZ MIXTURE

RATI0 PROGRAM

The completion of cold flow tests on injector 077 provided the first

opportunity to employ the computer program that estimates the character-

istic velocity performance of an injector*on the basis of its propellant

distribution. In this instance both the design and actual propellant

distributions were available for study. Four cases, outlined below,

were examined by the program, using both the flat and cosine profile

assumptions for the individual elements.

Case I:

Case If:

Design radial distribution and actual circumferential

distribution

Cosine profile

Flat profile

Average

87.5 percent No*

97.5 percent Nc*

92._ percent No*

Actual radial distribution and actual circumferential

distribution

Cosine profile

Flat profile

Average

88.3 percent No*

98.8 percent Nc*

93.5 percent Nc*

Case llI: Design radial distribution and uniform circumferential

distribution

Cosine profile

Flat profile

Average

89._ percent No*

99._ percent Nc*

9_._ percent Nc #

*R-5615-9, History: Project First, F-1 Combustion Stability Program,

Volume _ Book 1, Rocketdyne, a Division of North American Aviation, Inc.,

Canoga Park, California, CONFIDENTIAL.

1_ - _.... R-..5615-10
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Case IV: Actual radial distribution and uniform circumferential

distribution

Cosine profile

Flat profile

Average

88.8 percent Nc*

99.4 percent Nc*

9_.1 percent Nc*

Case II and Case III represent the real and the design cases with injector

077, although in actuality the injector did not perform at 93.5 percent.

The differences between Case I and Case iI and between Case III and Case IV

indicate that radial flow distribution has a smaller overall influence on

performance than circumferential distribution. A study of the wide disparity

between the cosine profile and flat profile assumptions for the individual

flow elements led to the conclusion that these constitute limiting cases for

the real situation. Actual performance of an injector will probably always

differ from efficiency predictionsbasedsolely on mixture ratio distribution.

The inclusion of other physical effects, however, is beyond the scope of

presently available combustion theory. Predictions of performance based on

mixture ratio can be used to establish the relative performance of various

designs, but the calculated results should not be interpreted as absolute

values.

The program was also employed on the flow data from injector X033. This

unit had been progranlned for uniform radial and circtunferential flow, but

cold flow tests indicated that this design goal was not achieved. The

program indicated that the outer compartments of injector X033 were oper-

ating at an effective mixture ratio of 2.63 as compared to 2.1_ and 1.60

for the inner and center compartments, respectively.

i

I
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By combining the fuel side of injector X033 with the oxidizer side of

injector X050 (an FRT-type injector) a potential performance gain of

0.5 percent over the injector X033 performance was indiceted. This arose

from the improvement in phase condition between the fuel and oxidizer

sides established in the programming of injector X033. Outer compartment

mixture ratio for the XO33-X050 combination was 2.55. The inner and center

compartment mixture ratios were 2.33 and 2.00 respectively. Even though

the mixture ratio alternated between the inner and outcr compartments, the

effective c* efficiency obtained with the combined configuration was higher

than that of injector X033. This variation was also noted from doublet to

doublet in the circumferential direction but the effect was not as detri-

mental to performance because of the improved phasing.

ACOUSTIC LINER

The objective of the F-1 acoustic liner program was to generate a design

which would successfully demonstrate damping of the first tangential acoustic

mode at a frequency of 630 cps. The design was based on conditions pertinent

to the F-1 regeneratively cooled thrust chamber, although the feasibility

demonstration phase was planned to be conducted with uncooled hardware. Data

thus generated could directly influence the design of a liner for inclusion

in the more sophisticated tubular wall thrust chambers.

A meeting was held in February at the NASA Marshall Space Flight Center,

Huntsville, Alabama to discuss the applicability of acoustic liner concepts

to the F-1 thrust chamber. Represented were Recketdyne, United Aircraft

Corporation, and HSFC. United Aircraft was present because of their exper-

ience in designing screech liners for turbojet afterb-_rners and small liquid

propellant rocket engines.

T
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The design of the F-I uncooled acoustic chamber was presented. This

design was basically, a modified, conventional, F-I uncooled chamber.

The manifolding, inlet attach points, and instrumentation configurations

were retained. The thickness of the inner wall was reduced to 0.962 inch,

representative of regenerative cooling tube thickness, by removing material

from the outside diameter. The modified chamber was surrounded by a shroud

having spacers that form the cavities of Helmholtz resonators. The necks

of the resonance compartments were 0.188-inch-ID tubes, 1.53 inches in

length for proper cavity tuning. The outside diameter of these tubes was

restricted to 0.250 inch because of the requirement that the design he

compatible with tubular wall chamber geometry. Drainage was also provided.

In an effort to reduce weight, the shroud design was abandoned in favor of

a design utilizing a series of torus manifolds. Each manifold encompassed

three axial rows of resonator neck tubes which were laid out in a triangular

pattern on the inner chamber wall. In the tubular wall chamber design, this

pattern provided for minimum disruption of the tube coolant flow.

Because, by rocket engine standards, acoustic liners were designed for

relatively low sound pressure levels, there was some concern as to their

reaction to the higher amplitude oscillations of a true instability. United

Aircraft believed that the liner would prevent a gradual build-up tc this

amplitude. In the case of a bomb-driven disturbance, it was believed that

the liner would absorb enough energy to prevent the establishment of a

high-amplitude mode. It was suggested that an acoustic velocity of

2800 ft/sec rather than 3500 ft/sec would be a more realistic value for

the resonator cavity ¢olume. The idea of using tubes as necks of the

resonators appeared to offer no problem.

1t-5615-10 17
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The question as to the appropriate value of acoustic velocity to be used

in calculating resonant frequency for acoustic liner designs has been

the subject of considerable study. The question arises in the case of

rocket engine applications because the gas in the resonator volume is

considerably cooler than that in the main combustion stream. A Heln_holtz

resonator can be viewed as a spring-mass system. The mass of gas in the

neck is set into vibration and the gas in the cavity undergoes compressions

and expansions, acting as a spring. The resonant frequency is a function,

therefore, of the geometric properties of the resonance cavity and the

mass in the neck of the resonator, and is independent of the temperature

within the cavity.

The uncooled F-1 acoustic liner employs individual resonators with the

necks b1_ried within the cavity volume. This represents a departure from

classical Helmholtz resonators in which the cavity is coupled to the neck

at a terminal plane common to both. Experiments with cavities having a

buried neck showed that this design obeys the classical theory, provided

that the volume of the neck is taken into account, and that the neck

terminus is sufficiently far from the back wall of the resonator so that

there is no disruption of the motion of the end correction mass.

FLOX

The possibility of using FLOX as the oxidizer for the F-1 was studied

during this period, an_ it was determined to be feasible. Previous

Rocketdyne experience with fluorine indicated that a 30-poroent fluorine,

70-percent liquid oxygen mixture would be optinnmfro_ the standpoint

of performance and compatibility. Rough estimates indicated a 10- to 15-

second increase in specific impulse at F-1 operating conditions.

i

f
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The main con_atibility problem is leakage at seals between moving parts.

Extensive cleaning and passivation of the oxidizer system before testing

is essential. Increases in fluorine content above 30-percent would

require material changes in the engine system to maintain compatibility.

Although the Thor engine tended to-run smoother with fluorine added, and

although it might be expected that the stability characteristics of the

30-70mixture would be improved over those for pure liquidoxTgen because of

a decrease in the possibility of accumulating pockets of unburned propel-

lants, not enough experience has been accumulated to evaluate accurately

the stability of the system using FLOX as the oxidizer•

CARBON PATTERNS ON INJECTOR 082B

The face of injector 082B was coated with a gradated Inconel-zirconium

oxide protective coating as part of a program to reduce thermal gradients

across the rings. After firing, a peculiar pattern of carbon smudges was

observed on the coating surface, instead of the normal uniform deposit on

all exposed surfaces. This pattern was repeated in all the outer and all

the inner compartments. Speculation as to the origin of the patterns led

to two theories concerning their cause.

The first theory postulated that an individual compartment mode of combustion

instability was set up during the testing and that gas movement was established

within the compartment according to the mode. According to this theory, carbon

would be smudged into the coating in those areas where the gas movement was

the most active• The mode whose flow patterns most closely corresponded to

the observed pattern would be the combined first tangential-first radial

compar_nent mode• The frequency of this mode would be approximately 3150 cps.

Such a frequency was observed in some of the test records of injector 082B.

Ib-5615-10 19
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The second theory proposed that the orifice pattern of injector 082B

sets up recirculation vortices and that, because of the coating, the

surface generally runs hotter than the normal bare copper surface. If

this were the case, carbon would generally be burned off and the streaks

would represent cooler regions where vortices recirculated fuel-rich gases

toward the injector face. These inferred vortices affect local mixture

ratio in the F-1 injector, and consequently its performance. If the orifice

pattern could be arranged to obtain different stable vortex patterns, then

one such pattern might be more advantageous than another in obtaining

performance or stability.

2O 1_.-5615-10
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TEST AND ANALYSIS

Testing at the Edwards component facility, after the beginning of the

year, did not resume until February. This delay was caused by the re-

work of seven liquid-level bosses in the high-pressure liquid oxygen

tank. Weld cracks were discovered in some of these bosses during the

routine year-end facility inspection. Approximately five weeks were

required to rework the welds, during which testing on both facility

positions was suspended.

A total of 99 component tests in 32 series, involving 19 injectors, was

conducted at EFL during the months of February and March. A majority

of the tests were conducted on stand 2A-2. Damage of part of the duct-

ing and some of the stand systems, which occurred on position 2A-1 during

test 01_, necessitated shutdown of the facility for repairs.

With the successful completion of Flight Rating Tests, the test and anal-

ysis effort was directed to the development of the Qualification injector.

The main categories of investigation were performance and compatibility,

combustion stability, and injector durability.

The individual concepts pursued under these main categories included:

1.

2.

3.

Injector face temperature measurements

Improved hydraulics

Increased and decreased compartmentation

Increased canting and overlapping of oxidizer fans adjacent to

radial baffles ...............

R.-5615-10
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6.

7.

8.

9.

i0.

ii.

12.

13.

IA.
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Regeneratively cooled baffle systems

Six-inch baffle

H-1 and cluster-type orifice patterns

Injector face thermal insulation coatings

Removal of splitters from Block 2 type injecto_re

Unlike doublet pilot flame orifice groups

Reduced outer fuel ring flow

Thicker (0.550 inch) injector rings

High-strength braze joints

Canting of both fuel and oxidizer orifice groups along radial

baffles

High-resistance injector body, oxidizer side

Radial baffle gap_ sealed lands, and decreased injection density

along radial baffles

_ _ _

The following conclusions derived from the analysis of testing during

this and previous periods are applicable to the Qualification injector

design.

,

.

Baffle-to-land gap sealing does not appear _o influence the

buzzing or damping characteristics of an injector.

Tribaffle and four-baffle injectors exhibiL poor damping char-

acteristics; the injection pattern next to the baffles, however,

may have influenced stability.

22
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10.

Canting of both oxidizer and fuel fans adjacent to the radial

baffles does not improve damping when compared with the results

of canting the oxidizer fans only.

Canting the oxidizer fans and reducing the flow adjacent to the

radial kaffles markedly improved the damping characteristics of

the PFRT injector, thus supporting the theory that the nature

of the injection method adjacent to confining surfaces is

critical.

Canting of the oxidizer fans adjacent to the radial baffles

produces significant improvement in damping and buzzing charac-

teristics. This maybe the result of removing the oxidizer and

fuel intermixing region from the baffles, or decreasing the oxi-

dizer and fuel intermixing rate, or both.

Closely spaced propellant fans do not appear beneficial for

damping.

The use of small showerhead orifices between impinging oxidizer

orifice groups appears to h_ve reduced the amplitude of buzz-

prone injectors.

Venting the baffle compartments adversely affects damping.

The addition of small-diameter, close-impinging, fuel pairs

between existing fuel doublets does not improve damping or

buzzing.

A flat-face injector, which had the outboard oxidizer and fuel

fans tilted radially inward to improve its szability character-

istics, showed approximately a 1 second specific impulse per-

formance increase when compared to the FBT-type injector.

R-5615-10 23
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11. Reduced injection density along the radial baffles in addition

to canting the LOX fans is superior to canting alone for

damping.

12. The removal of the oxidizer axial feed passage splitters from

an FRT type injector does not appear to degrade stability and

produces a slight increase in performance.

13. Increased oxidizer injection density and severe overlapping of

the L0X fans adjacent to the radial baffles appears to be

coupled with the tendency for an injector to self-trigger

instability. _ --

1_. Reduction of the fuel flow to the outer ring to 60 percent of

nominal produces no adverse chamber compatibility problems.

15. Regeneratively cooled baffles appear to have superior dura-

bility when compared to dump cooled baffles.

The following is a discussion of the major concepts tested and analyzed

during the period. The order of presentation is by concept rather than

chronology because, in many cases, evaluation of more than one concept

was carried out simultaneously. Photographs and injector descriptions

referred to in the discussion are included in Tables 1 _d 2.

INJECTOR DURABILITY

The first experiments involving installation of thermocouples in the

fare of an F-I injector were made with injector 082. A discussion of

the installation techniques is contained in the Inst@'umentation section

of this report. The reactivation of test stand 2A in February was made

2_ R-9615-10
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with injector 082. The te:_erature data confirmed the results obtained

during a December test with this injector. A second injector, XO_3, was

also fired late in the period with thermocouples installed in the rings.

An improved installation, different locations, and a different injector

pattern, however, yielded diverse, though repeatable results. From

these results it was inferred that injector face heating is nonuniform,

that ring temperature varies widely with location, and that thermocouples

installations are feasible. .......................................................

Injector 082, because of the thermocouples, was also used to evaluate

injector face coatings. All of the injector surfaces, except the baffles,

which are exposed to the combustion gas environment, were coated with a

gradated layer of Nichrome_ Inconel-zirconium oxide. The purpose of the

coating wa_ to provide a measure of thermal insulation to the ring sur-

faces. The durability of the coating was unsatisfactory. Discrepancies

in the application procedures, however, were believed to be responsible,

and further evaluations of coatings were planned. Figure _9 shows one

compartment of injector 082 with coated surfaces, posttest.

In addition to the thermocouple instrumentation mentioned above, injec-

tor XO_3 was involved in other aspects of injector durability investiga-

tions. The copper rings were 0.550-inch thick instead Of the standard

0.350-inch thickness. This added 0.200 inch to the nominal braze joint

which, it was believed, would reduce stresses between the rings and body

lands. Testing of the injector showed no discernible benefit from the

increased ring thickness in rege.rd to durability.
c

Along with injectors X058 and X060, injector X0_3 was also involved in

the development testing of high-strength braze joints. Although the

primary mode of braze joint development was the hydrostatic testing of

R..-561.5-10 25
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sample bodies and rings, it was felt that some hot fire experience would

provide invaluable data. The plating techniques used on each injector

were different but ring-landseparations with these units were minimal.

PERFORMANCE AND COMPATIBILITY

Among the concepts itemized on page 21 only two were tested purely from

the standpoint of performance and compatibility during this period.

Other injectors involved with performance concepts were tested, but the

results were interconnected as to the effects of such modifications on

stability. The seemingly inverse relationship between performance and

stability makes it difficult to separate from one area the effects of a

design change to improve the other. Consequently, it becomes necessary

to investigate both areas when changes are made to one.

Since the film coolant orifices were first eliminated from injector

082*, the amount of fuel delivered to the combustion processes through

the outer ring was varied by restricting the flow at the entry point

from the radial fuel feed port.

During this period, Block 2 injectors were being delivered with the flow

reduced to 70 percent of the nonrestricted condition. Tests during pre-

vious periods Showed injectors to be incompatible with the chamber when

the flow was restricLed to 50 percent. However, analysis of the flow

*R-5615-6, History: Project First, F-I Combustion Stability Program,

Volume 2_ Book 2, Rocketdyne a Division of North American Aviation, Inc.,

Canoga Park, California, 23 June 1965, CONFIDENTIAL.
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and mixture ratio distribution across the injector face indicated that

there was still performance to be gained in the outer zone if an optimum

point of compatibility could be established.

Consequently, tests were conducted with injector X060, in which the outer

ring flow was restricted to 60 percent of nominal. The injector pattern

was basically that of the FRT injector. Compatibilitywith the chamber

was acceptable. However, essentially no difference in performance owing

to this change was noted.

Injector X060 was also among those injectors used to e_aluate regener-

atively cooled baffle systems. The other injectors were XO_3, X058,

and F2009. A discussion of regeneratively cooled baffles and the par-

ticular designs used on each of these injectors is contained in the

Design section of this report. In general, the performance o£_these

baffle systems under F-1 operating conditions was satisfactory.

•

STABILITY _=

The state of the art of damping combustion instabilities, both natural

and bomb induced, had progressed significantly in the two years preceding

this report period. Understanding of the phenomena and mechanisms of

certain types of instabilities, however, was still limited. It had been

shown empirically that the addition or elimination of certain design

characteristics enhanced the stability properties of an injector.

The single factor most responsible for the excellent stability charac-

teristics of the Block 2 type injectors, as opposed to other versions of

this design, was the conditioning of the oxidizer fans adjacent to the

radial baffles. In the Block 2 injectors this was achieved by canting

and overlapping the oxidizer orifice groups.

]_v--561.5-.10 '27
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In Block 2 injectors the orifice groups adjacent to the radial baffles

had diameters of 0.2_2 and 0.250 inch at respective angles, relative to

the chamber thrust axis, of 20 degrees and 28 degrees 12 minutes (Fig. 20).

Experimentation with these groups took the form of varying the diameters

and/or impingement angles, and of canting the fuel fans in conjunction

with the oxidizer. On injectoD XO_9 the diameters were 0.185 and 0.2_2

inch. Consistent single-cycle damping of a bomb disturbance was achieved

with this configuration. The performance of the injector, however, was

degraded somewhat, and a _20-cps oscillation of considerable amplitude

appeared in all parameters. A later modification to the outer fuel ring

improved the performance, but the single-cycle damping remained.

An extreme case of orifice diameter overlapping in the )pposite sense

was tested on injector 08_. In this instance the diameters were 0.2_2

and 0.297 inch. No buzzing or unusual oscillations were encountered

with this configuration. Bomb-induced instabilities, however, experienced

multiple resurges before damping. An intermediate case of overlapped ori-

fices was tested in injector 095 with diameters of 0.2_2 and 0.272 inch.

With this configuration the injector exhibited a marked propensity to-

ward self-triggering, although the instabilities usually damped without

initiating vibration safety cutoff (VSC).

The efficacy of canted orifice groups was clearly demonstrated w_th the

PFRT injector FI002. The oxidizer triplets adjacent to the radial baffles

were replaced with 0.209- and 0.20g-inch-diameter canted doublets, Canting

in this case was achieved only by the difference in angles. This modifica-

tion vas sufficient to produce dynamic stability characteristics in the

PFRT injector which conformed to the requirements prescribed for the FRT

injector. Another injector that had canting but no overlap was injector

099, in which the orifices were programmed. The stability characteristics

of this injector were outstanding. It should be pointed out, however,

that this injector had 25 baffle compartments.

28 t_5615-10
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Testing with injector X060 demonstrated that care must be taken when

conditioning the oxidizer injection adjacent to the radial baffles. As

originally fabricated, the diameters of the canted orifice groups were

0.185 and 0.209 inch. This configuration, however, proved to be low

performing, l_odification of the respective diameters to 0.221 and 0.250

inch produced an approximate 1-percent increase in c* efficiency. The

modification produced no apparent change in the damping characteristics

of the injector.

Another approach at increasing the performance, and perhaps the stability,

of an injector with canted fans was tested on injector X05_, in which

both the fuel and oxidizer fans were canted. On the fuel side, the

appropriate angles were changed to 7 degrees 11 minutes and 22 degrees

_9 minutes, while the diameters remained equal at 0.281 inch. 0_ the

oxidizer side the angle of the 0.2_2-inch-diameter orifice was changed

to 12 degrees 35 minutes. The angle of the 0.250-inch orifice remained

at 28 degrees 12 minutes, giving an included impingement angle of _0

degrees. The average c* efficiency of this configuration was 90.7 percent,

slightly below that of Block 2 injectors. Damping times with the injector

were within Qualification specification, but the disturbances were accom-

panied by a resurge. The injector also possessed a high noise level.

Six-inch baffles were tested on two injectors. On injector 097 which,

with the exception of the baffle length, was basically a Block 2 injector, .............

the purpose was to determine the effect on resurging. On injector X0_0

the purpose of the 6-inch baffles was to determine their effect on the

buzz mode of instability. Durability of the longer baffles proved to

be a problem wi_h both units. Major erosion damage was sustained by

all baffles on injector 097 and four rings were burned out under a

R-5615-I0
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radial baffle. On injector X040 the tips of the outer radi .s were

burned back 3 inches. Stability evaluation was not carried out on in-

jector 097 because of the durability problem. A bomb-induced instability

failed to damp on injector X0_0. There was no appreciable change in fre-

quency, although the amplitudes, compared with previous instabilities

with this injector, werP. quite low. A 5()O-cps buzz at 250 psi was en-

countered in the chamber pressure during mainstage.

One of the hypotheses regarding the buzz-type instabilities encountered

with injectors such as X021 and X040, which had high oxidizer impinge-

ment angles (56 and 76 degrees respectively), deals with the inability

of hot gases to recirculate in a steady manner because of the high oxi-

dizer vaporization rates created by these high impingement angles. Re-

circulation, instead, becomes cyclic, giving rise to alternating periods

of high combustion rates, which are manifested as buzzing. A method of

circumventing the need for recirculation is to provide a hot-gas source

close to the injector face, pilot lights as it were. This was done on

injector X021 by drilling 1_6 small, unlike, impinging doublets distrib-

uted throughout the various baffle compartments. These doublets were

designed to flow at a mixture ratio of 1.0 (Fig. 2_ ). Some erosion about

the doublets inboard of the larger circular baffle occurred during the first

test series with _his configuration. Although the buzz was not eliminated,

some improvement was noted. In a later modification, the orifice areas of

the unlike doublets were enlarged to accommodate 1 percent of the total

propellant flow. Burn-through of an oxidizer ring in the vicinity of a

doublet occurred during the first tes_. However, there was no evidence

of the 500-cps buzz.

To evaluate the effects of high injector body resistance on stability

and performance, the oxidizer axial feed passage area of injector 098

was reduced from 85.2 to 61.5 sq in. This _as accomplished by placing
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restrictors at the entrance of the LOX axial feed holes. Some redistrib-

ution of the oxidizer flow was accomplished at the same time. The result

was a high performing injector with a c* efficiency in excess of 92 per-

cent. The stability results with this injector wer_ somewhat incon-

clusive. One test damped in Ii milliseconds without resurging. A second

test required _5 milliseconds to damp and was accompanied by five re-

surges. An oxidizer leak at the dome flange occurred during this test,

resulting in a fire which destroyed the injector (Fig. i0). A _O0-cps,

steady-state oscillation was noted in all tests during the series.

Various other item were tested during this period for their effects on

stability. Included among these were radial baffle gap, sealed lands

underneath the radial baffles, lowered injection density along the radial

baffles, etc. These item are discussed elsewhere in this section.

COMBINATION TESTING

As previously stated, it sometimes becomes desirable to evaluate a de-

sign concept or an injector modification from the standpoint of both

performance and stability. Oxidizer axial feed passage splitters were

first installed in the injector body as one of the stability augmentation

devices incorporated into the PFRT injectors. In Block 2 injectors they

remained as one of two such item retained from the PFRT design. Certain

operational and fabrication problem, however, would be eliminated if

these devices could be deleted from the injector. There was also an

indication that a s_all performance gain might be realized by so doing.

The splitters, consequently, were removed from injector 095, and the

injector was tested. An 0.5-second performance increase, as expected,

R-5615-I0 31



r_ IIIOII_II(ETI)¥Z4IE • A DIVISION OF NORTH AMF.._ICAI_' AVIATION |h, IC

was indicated. Although the injector was not subjected to stability

testing during this series, later testing indicated no degradation of

its stability characteristics attributable to the removal of the splitters.

In the search for methods of improving the performance of an injector

without changing its basic stability characteristics, attention turns

naturally to the injector body. Any design improvements here can be

realized as savings in the overall engine system requirements. Hydraulic

modifications were made on injector 089 in the ring grooves (double ring),

the radial fuel feed ports (tapered), and the oxidizer axial feed passages

(slots). Three tests were conducted with _he injector in which confusing

performance values were obtained. Respective c* efficiencies were 92.8,

91.2, and 90.8 percent. Some damage was sustained on the third test,

causing the injector to be removed from the stand. It was discovered

that during the process of installing the hydraulic modifications, inter-

propellant mixing in the injector body had inadvertently been permitted.

This may have been responsible for the _15-cps, buzz-type oscillations

encountered during the performance evaluations. No stability evaluation

tests were conducted.

Injector orifice pattern designs have always been considered a primary

target in both performance and stability analyses. The success of the

H-1 engine in both of these areas led to the incorporation of an H-1

type pattern in F-1 injector X058. Three tests were conducted, during

which the performance averaged 91.1 percent Nc*. A bomb-induced insta-

bility persisted for 260 milliseconds, and a 375-cps buzz mode was

observed on all three tests.

ili ' :

Another injector used to evaluate orifice patterns was injector 100,

which employed a single-row cluster pattern (Fig. 19). The injector

proved to be quite stable in its original configuration, damping a

32 I_5615-I0
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bomb-induced instability in 9 milliseconds. Performance, however, was

quite lo_, averaging less than 89 percent Nc*. After modification, the

injector was better performing but less stable. Performance increased

to 91.4 percent, but the injector required 153 milliseconds to damp a

bomb disturbance. A comparatively low-amplitude, _00-cps oscillation

_as observed in all parameters during the latter series__

Still another area of F-1 injector design which offers possibilities for

increasing performance and stability is the use of a different number of

baffles on the injector face. Two such injectors, X017 and 099, were

tested during this period. These are illustrated in Fig.lb and 6.

Injector XO17 employed only four bipropellant cooled baffles forming

four compartments. The orifice pattern was programmed for uniform in-

jection density and was radially aligned. Fair performance, averaging

90.7 percent Nc*, was obtained from the injector. Although no stability

evaluations were performed, some low-amplitude, 400-cps oscillations

were encountered.

The outstanding injector to be tested during this period was injector

099. This injector had a baffle system forming twenty-five compartments.

Similar to injector XO17, the orifice pattern was radially aligned and

programmed for uniform injection density.

Fourteen tests were conducted with this injector during the period. The

unit was exposed to eight bombs, one of which was 100 grains in size.

During the original series, performance averaged 91.9 percent Nc*.

Four 13.5-grain bombs were damped in an average of 22 milliseconds, with

the longest damp time being 30 milliseconds. The 100-grain bomb damped

in 8 milliseconds. The injector gave indications of having a compati-

bility problem during this series and was returned for modification.

R.--5615-10 33
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The 70-percent restrictor devices were removed from the outer fuel ring

and the injector was placed back in test. Compatibility improved to

acceptable standards, but a slight performance loss was experienced.

The effect of the modification was exhibited in longer damp times.

Although no VSC cutoffs occurred, one test required 295 milliseconds

to damp. Reaction to the bombs appeared normal in the first 15 %o

20 milliseconds, and then regressed into a low-amplitude, nonresurging

type instability requiring a long damping period. In spite of this

characteristic, the performance of the injector was high enough %o

warrant its evaluation in an engine.
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COt,WO_T TESTING

A summary of all F-1 component testing is contained in Tables 1 and 2.

P,--5615-10
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A DIVISION OF NORTH AMERICAN AVIATION. INC

-9RIFnCE PATTI[RN

I NJECTOR OESCRIPTION

UNIT 0 ,_'-) ,TYPE _800-L'_

NO.

WALL

..,.,...

L0X

' D d GROUP Z e /

' 39; 188 ...........

, S/N .......

Sp I xi¢

.L

PATTERN= GENERAL ,

I _uEL1oxlo.
OmFICE AREA I 8.';. o I J,o. {i
RING GROOVE DEPTH i l

RING MATERIAL 1 CU ] CU

WALLGAP(FUEL RING) 1 "711
WALL GAP (OUTER ZONE| J .0{}6 [_

Inj• Velocity{1500K] _q.7 ! L05

DIVERGENT PROFILE

FUEL LOX

LOX DOUBLETS _ £

NEXTTO / ._ _. "x_ abem'

BAFFLES /_,_20 o

37.770 .22J.._._)61'lOP: .JJl5 oo°1 1.14

!

36• 746
Llol es ne

35.026

i

3_. 50b 1
tmles n_

33. 380 ]

i

•209 ]_6/lo,, ._;,, 28.:11.11_t to l affte: .&16 20 _

.281 ]B8/9{; •,P.,8_" _._7

• 209
_L Lo I

, !
.281 _:o/88j •,c_,8_:] _._v

i

NUMBER OF COMPA_

B8/9b, .37:_ oS.t 1.13affle. &16 20 °

• 57l.

.3Jt9
• :_71

•/L)V

• 349
• 571

•/99

..............L..... [.,. ;

B&IIFLE CONSTRUCTION

BAFlrL.E O{)OBNT

IAFFL[ LEN(ITH

Xli

• 258

• 153
• 281t

• 2 i4

• 153
• 28&

.') /_

rl_

- ]

IMFFLE DESIGN

Wide base
l%lel

inches

BAFFLES

..-p..

REMARKS; Like U//N 082, type _833D3 except lhe

in.iector has no s_Jitter8. ItTas 2/t baffle

dams and 16J_ fuel rinE m-ooye dams• The -q

L0X rin_ is .209 dia• a{ 20 degrees. No rc-

_ict.e 0 flow in the outer fuel ring. The

.=lmff'lo-f.n-l:m¢] ann i__ not sealed. 112 orifices

.._ :.,ho_,3_ at let't,-excent for outer LOX rin_.

were drille d _o .218T_ diameter,_l'crcentexc'e_ss

rl,n] nn _cnl] = '2.23: _ercent £ilm coolant = /i.()

:Figure 2.

R-5615-10

Injector Description Unit 082, Type 5896-1/:3
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9mw .c_ PATTt;_J_

-NO.

-_ WALL!"30.188

.)1.11 (_

W I i

i

i i

i

I PAT TF.MN, GENE_AL

l l FUELI OX,O
[ORIFICE AREA I __.1 ] 6].,_,_
[ RING GROOVE DEPTH ] deel_ ] deel_

[ RING MATERIAL ] 12,II - ] CU

[ WALLGAP {FUEL RING) ] . ? 1 ] F"",_
[ WALLGAP(OUTER ;, 3NE| ] . r)0(,
l Tni. VeJoeity(1500I_) 57 1-_

INJECTOR DESC_,IPTION

UNIT 0_'() , TYPE 010/l-Jlt .

- a GROUP z

.228 ,qO/lOt .t, 16

•281

.'-'u9 ]q(,/lOt .I,1(,

4 q

88/'96 • P,28]

• "J/i_

S/N

I o sp

20 _- -Y. 1 h

20 _" l.lP:

i

i.,
! I \LOX ORIFICES I I

'12o35' 28Ol2 t 28Ol2 '

I.,I

7 ° II' 22e'49 ' 22049 .

A DIA : .I99 DIA FOR

-13 - 29 -35 RINGS
: ,281 DIA. FOR -I?

-.21 -25 -39 -43
-47 -51 -._F

x|i

.25_

• 281_

.27h

• 238

• 27_

1.t7

1.13

xjc

.571

.571

.799

.571

o281 ]SO/S81 .',281 15 ° 1.17 .799

t l t j-- " I ...... III flr " "

IMiFFL I DESIGN [NUU_ O_oo._Amt.'rs ] -lMqrk£ CONSTRUCTION li?de base

llal_TrLECOO.ANT t Fate'l" ]IAFFI.[ LENITH 3 inches t

BAFFLES

12° 35'

REMARKS;The -9, -ll, -31, -33 LOX rings have

incJuded angle, and .200 irish diame_-e]-:-in _he

-'37 rln-. The _'emaining orifices are at .2P_2
i.oh _linm,,t.o.r and hO d_rr_e_exeeoL as sllo_¢r_

" ,,_ t,,r+ The oxidizer feed passages are enlarged
and there are _2 oxidizer ring groove dams. Fael
orifices are as sho',.t, _hove and to left. The

7°11' fuel pOr/:-_ are t,apered a_ t[iamefer _ransition_.

There are secondary- *'i,,_s ii, t'uel rint_ grooves
e:.:eept under baffle cans. (;aJ) exists _'mde-b'--

radial I):tflles. There are _0 l,afl'le ('an dam._.
Lh_koP CR1S z'i_,- OI1 iz:ieel or has boen modified

['c)r il|,|./l(:|lrllell|, Ill' [I (?oi)i)er rill_Z.

Percen_ t'ilm coolant _ /,.6 i excess fuel on
wall = _,17i 70 l)ercen_ fuel flow in outer
ring.

Figure _ . Injector Description, Unit 089, Type 610_-_Th

38
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Figure _ . Injector 089
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qR_F_CEPATTE_

"" i ¸ " l_ ' ' -'_l

1 PATTm\', _,Z_'m_L
I 2,'d EL

I 0RIFICE .MEA 81, .o

RING GROOVE. D_PTIt . _,x8

!RING .MAT FRZAL CU

IWALI. (_.LP(KT.L ILIX(;) .7il

[ WALLC00LL\-f _ _ 3.0

/ \

OXlD. IXXJBLETS NEXT TO

RADIAL BAFFLES EXCEPT
AS NOTED

UN,T (;99

NO. D I
' Wade i9.188 !

-Sq _7.776

-57 V,.7',_,]
¢

-5_ 55. ()2t') l
s

-53 _h,50()l
i

-51 D.386!

i

" I

!0XlE
i 59.9

Iuu

136

I NJECTOR O(SCRIPTION

,TypE(,10()-K4

6 GROUP Z

• _, S/N .........

( Sp I Xj¢
t

¢:-• .)_ 1• "2'21 i_0/'9(, . h 16 20-

• 257 80/96 .bib 20

i

.25o ]8o/'% ._x(,I 20
i

1.20

1.17

1.13

Xji

• 268

•323 ]6a/80 ._28! 15 1.23
i

........

tm_LEDES,_N

I_.I O_INITRUCTION [ Wide base

IIA_q.E OOOLANT ] l_zel

IIA_FLI t.INITH I _ _nches

[_rr_ Area (in. 2) ] 3.50

1
BAFFLES

/_l CODE _1__Sp-_

REMARK_ Tile in.jeclor ha, ')5 baffle compurtmen_s

and 9 l'a(lial],Y all,dried orifice 9atter!L. Th'e---

oxidizer doublet.,, next lo the radial I)affle.-_

on all rintrs q_qpt _he outer ritl_ ;aid rin_s
Ilext. to circumferential baffles have canted

tm___ (see ske_,_[I al; left ). The injector hits a

Cooled (;SF: boss ,nd [he 1)affle-te-li,nd _ap.*

.571 .218

• 799 .27_

• 57_ .228

•799 .196

l

are not ._eated. The inieetion orifice diameters

are prolu'ammed foz" ua_i f_rln pfdpeI lant _ _trz-

Imtion. The outer fuel z'itq_ i._ orifi('ed for

(,(I tO 70 |}('reel|! f'lm_. .There are no I)al,ie

(lar,._ I rinl_ j_l-oove dams, or oxidizer ._pJ i t t ers.

Figure

R-5615-10

5. Injector Description, Unit 099, Type 6106-Kh
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I NJECTOR O[SCRIPTION

UNIT X 01,9 ,TYPE, 6110-F___

I GF_ooPr z

I '

_DIA. : ,242 _-- DIA. :.185

LOX doublets next to radial baffles

except outer LOX ring

.228 96/10_ ,_16

._o9 96/lO_._16

._8l iss/_ ._8

._ ]ss/_s._zs
i

:281 ]8o/ss ._2s

SIN

0 S_ I xj¢
¢

i

20 Itl& [ .571

2O

2U

151

Xl i

.258

1.n ._71 , .28_

, .

1.17 .799 I .27_

i.i)i ._7i .2)_

1.171 .799 .274

!
i i_I IT " I I

B&FFLE DESIGN

NUMIKR OF COMI_RTMEN13 ] I_

II_qrLE ¢ONGTRUCTION ] WIDE BASF

|AFIn.E _O_LANT
BA_rFL(. LENGTH _ II_CliES

i
BAFFLES

.._I 0,
Lsp_

}/'/i \" \ /-"1 , --BAFFLE
/ _ / DAMS

I_EImARKS;This Jv,,iecf.oris like X 0_9, 6105-F_

__xceot that 119 LO_X orifie.e_ _dJaeent to the
radial baffles %ere ehan_efl tko O.2&2-inch

diameter (-_eo -_hoteh at left). The, L_X ori-
_iges ip the outer rira maa tho._e ad_e_nt
to the circumferential baffles are 0;209-inch
dxameter at 20 degrees. The outer fuel rlng
is orificed for 70-percent flow. Ig has _t0
baffle dams t 270 broached LOX splitters. The
baffle-to-land _ap is not sealed.

Figure 7-

R--5615-10

Injector Description, Unit XO_9, Type 6110-F_

_5



ROCgETDYNE
• A DIVISION OF NORTH AMERICAN AV ATION INC

_D

I

P'1

R-.5615-10

o

o



]RLOC]i_IE'lrlI_I_Z_JE_: • A D t V I S I 0 N 0 t

¢.)

v

• ORTH AMERICAN AVIATION

}_5615-I0

_:_ .,._

.P.._ _ ._--._

iNC

_5



i_OCKETDYNE •

A DIVISION OF NORTH AMERICAN AVIATION, INC,

...gRIFICE PATT_R_I

NO.

WALl

--5O

-'37

--5]

I0 - PATTERN. GEN: '_RAL

I_J_l oxzo,
R_F_CE_A I 85.01 61.8

IRZNGGROOVEDEPTH I .5381.518
IRING _I_T_ZAL I CU ] CU

IWALL GAP (_EL RING) I .711 L_/

I INJECTION VEL. (I _00K) I _6 I 132
IWALLC00L_, _ 1 3.2 1

_-DIA :250 kDIA -'242

LOX DOUBLETS NEXT TO RADIAL

BAFFLES (EXCEPT OUTER LOX RING)

INJECTOR DESCRIPTION

UNIT., 098 ,TYPE_ 58_5-Rfi=___,S/N

D a

39. lse ,,

37.77(,

36.7tt6

•208 ,

!GROUP I Z e

}()/10/,1 .EH;- -:C'

.209

• 281

i)6/lOtt] .tH6 20'

s. i ×it

l.lt, [.571
.....

,e ,=q_

[_0/:88 .z_28 15' 1.19

I I

IM, FFL E DESIGN

Xli

• 258

• 281_

/_ CODE

,

•799 . 27_

i

I

BAFFLES

f ",

., _. BAFFL E

DAb, S

I_I_MARK_, This in,jecior has the FRT pattern.
has '-'_;_ bo_ s_lzt_ers (crimped, spoon ty_e).

The arrangement of the L0X orifices next to the

radial baffles in rin_s -5S, ht_9, --/_5, --/_1, --$7,

--27t --]9_ and -15 is shmm in the sketch at the

1ell The oute r fuel ri: - is orificed for 70
percent flow. The baffleLto-land _al_ is not

_ealed. New bomb bosses are located ,,_ L;,..

2_q de-roe mad 13q de_roe locations. The I,OX

axial feed area was reduced from 85.2 to ()1;'_-

sq in.

_6

Fi gur e 9. Injector Description, Unit 098, Type 5885-R/_

R.-.5615-10
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A _JIVISlON OF NC;RTH AMERICAN AVIATION. INC

!

9mF_¢l_ P_TI--t_

I NJECTOIq 0_'SCRI@TION

UNIT OSh ,TYP_ q881-0/, . S/N

INo. o

-(_ (_)__. ____ _--__:-_9 a7.776

. INed_t IX)X 1

_" t

PATTERN= GENERAL .......

] FUEL JOX,P.
0.JF,CE AREA [ 8_.1 161.'t
R,.G GaOOvE0E_T. [ [
RING MATERIAL | C-IJ |,CU

[ WALLGaP(FUELR,NG) ] .7] 1
I WALL GAP (OUTER ZONE1 J . 916

W:J VELOCrrY(]50OK] 55.7 ll_.o

300 _ 30o

 LOGWEL0 \

MODIFI CATION _-'_'_XX_ ] kY/

TO BAFFLE NN\\X"_ I _"//

CANS_

LOXDOUBLETS
NEXT TO BAF,_LES

_e°12_ %

•

RE:SULTANT
LOX FAN

/'__-zo°

p

f
i

.2o9 96/IO,

.t_16 20'

._16 20'

.281 88/96 • _28 15'

._16 20'
extci cum:

S_

1.lit

1.I1

1.17

1.13
erent

xF"

.5_T-

.571

.799

.571
al baf

.281 ]80/88 .428 15'* 1.17 .799
]

"! --" r-=_FCE OES|G" ......

_lumn oF¢oup_m'u_w_ , l_ J
tm, t,t E _(W_STRUCTmN 1 WID_ _._E !

Xji

.28_

.27_

.238
le

.97_

BAFFLES

=...-..

REMARK_ Injector is the same as U/N 08h, _881-
Lh except for the baffle cans. The orifices in
the radial baffles were plugged, leaving two,
_pen next to outer baffle can in both inner and
9ut_r radials arid two open next to inner can on
innor radial baffles. The baffle cans wore modi.
lied as shown. The diameters of the impinging

orifices in the outer can are 0.067_ _ncg_h' those
in the inner can 9re 0.086 inch fatal baf_l--_"-
coolant area is the same. Diameter of doublets
next to radial baffles in LOX rings -53, -h9,
-_5. -hl. -37, -27, -2_, -19, and-15 is 0.2_2
inch. There are hO baffle dams and no LOX

splitters. Outer fuel ring is orificed for
70 percent flow. Percent film coolant - 3.2
Percent excess fuel on wall =._.

Figure 11. Injector Description, Unit 08_, Type 5881-0_

"D_R_1 R_I tt ,
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INJECTOR DESCRIPTION

UNIT X-n17 TYPE 6111-P_

ORIFICE AREA

_ING tm00VEDLPTII

GLNL_AL INFORMATION

_EL 0XlD.
87.803 hO. t,78
53.98 135.09

r_ mTmZAL cV cu
WALL GAP FUEL RING)
wA_ _ c_m zoNE)
L_ FILM C60L_ Pt..o7
EXCESS F'-JEL ON WALL .25ti

BAFFLE DESIqN

_Xl_ OF com,_fm_s
.B_J_E C0NSTI_CTION VIDE BASE
_. _WLECOOLAN2 BiPROP_Iam_
BAFFLE LI_IGTH "_ EqCI{_
BAFFLE AREA

NO. D d IGROUP_ Z 0 Sp Xjc Xji
WALL 39.188 J

_-69 37._lJt .23_t 8tt/89 ._30 150 .8001._65
_-67 36.29_ .23_ 8g/89 h73 22.5 ° .571 .288

i-(i5 35.17_ .277 8_/89 .h30 15 ° .800 .285
!-63 3_.05_ .23_ 8_/89 _73 22.5 _ .571 .288
!-61 32.93_ .266 8_/89 ._0115 ° .800 .306
(--59 31.81_ .221 8_/89 ._7_122._ ° .571 .30h

-57 _0.69_ .257 B_/89 ._30 15 ° .800 .322
-55 29.57_t .213 8_/89 ._7_122,5 ° .571 .31_
-53 28.%5_ .302 56/63 .&30 15 ° .800 .238

-51 27.33_ .218 56/63 .h7322.5 ° .571 .308
•_9 26.2!_ .290i56/6_ ,h3011_ _ .800 .261

2,7 25.09h .238 56/63 .h73 22(5 ° .571 .283
-h5 23.97_ .277 56/6_ .h30115 _ .800 ,285

--_3 23.85h .228_56/63 .h73 22.5" .571 ._96 _
•-hi 21.73_ .261!56/63 ,h30 15 ° .800 .315

-39 20.61h ,21_ 56/63 ._7_ 22.5" .57_ ._lh I
-37 19._9h .296 36/h3 .h30 157 .800 ._50

-35 18.37_ ,250 36/_3 ._73 22,5 ° .571 .269
-33 17.25_ .290 36/_3 ,_30 15" .800 .261

-31 16.1_ .23h 56/_3 ._73 22,5 ° i_.571 .288
-29 1_.01_ .261 36/_3 ,_30 15 ° .800 .315
-27 13.8% ,213 36/_ ._73 22.5 ° 1.571 .31h
-25 12.77_1.290 2_/30 ._30 1_ ° .800i.26i
.25 ll.6_hi.23h 2h/_0 .h73122.5°i .571 .288
-21 lO._Sh .261 2g/30 ._30115 ° ,800 .315

-19 9._1_ .20_ 2_/_0 .47_[22.5" .571 ._2_
-17 8,,29_ .23h2g/30 ._30i15 ° _800 .365
-15 ,7j17_ .20916/30 !.3_8 17 ° .571 .233
-I3 .6.05_ d250 16/_0 ;.282 10 ° .800.0ql
-11 _.93_ ._02_ i._7_ 22.5 ° .571 .206
-9 3.81h .2721_ I._30 15° .800 .29h

-7 2.69_ --
-_ '._._7_ --
-3

BAFFLE DIAGRAM

RDtARKS: The orifices are progr-a_.ed for uniform

injector density, There are secondary rings in
all fuel grooves. The fuel feed ports are tapered
at the diameter transition points to improve flow
distribution. The oxidizer feed passages are en-

larged. The baffles a_e bipropellant coolcd.

Figure 13. Injector Description, Unit XO17, _pe 6111-P_

R.-5615-10 51
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A DIVISION OF- NORTH AMIrRICAN AVIATION. INC.

i ' .

I

L:

L_o. o 1

INJECT0a 0ESORIPT_0N
Spare

U_tTL_Z=i.e No. I, TYPE_,S/N ..........

= l_Ro_P z • so I xj= F x_,

.228 96/]0t_ .616 20 1.16 .57], _.258

--.---....r-57 36.7h6 . ..2.09 96/10_ ._16 20 1.11 7571 ' 28"g'"

t{i7 o7_9

(_ce_t next to red: al bafliles ,

,,,$79_
I

.......... T " . _ - - r r r " t ......

PATT_, G]_T]_=,AL

HT_, 0XTD,

oP_FzczAREA 85._ 61.5
RING GROOVE DEPTH .5_8 ._38

R_G HAT_ CU CU
N._LI, GAP (_LT]_ RING') .711 ._

ZNJ_TION VEL@I15o0 K) 56 133

BbJrFL E DESIGN

INiFFL| LINeTH ,_ _NCI{I_

CODE

_,/,,/ ! \\\ //./ \\\|_ BAFFLE DAMS
/ i \ I \

REM&NKS; Thls injector has the Block 2 orifice

pattern. ""Cantln_ or' the LOX fans away from the
radlal baffles is accomplished by the design

_hown at the left. There are 270 broached LOX

snlltters. _0 baffle dams_ and the #uter fuel
_.t.,. -.'_ _f_a .f0_"70 percent flow. The

baffle-to-laaid _pd ape not @@_le d. The

in_eetOr has a cooled GSE bose. ,

LOX DOUBLET NI_XT TO RADIAL

BAFFLE

5_

Figure 15. In_ector DeScription_ Spare Engine No. 1, Type 5885-F_

R_615-1.O
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j'

A

INJI[CTOII OESOIIPTION

Q,mFt.¢IgIDAT'rgmd

----e-O -
--.--- .,......

I , PATT[RN_G[NI[RAL
I IFurl
iO_,F,CE*._A I8_.o
l R(I_,_611QO,VE DEPTH | . q'_

IRiNG..T_,A_ ; Cff
lWALLGAPIFU[L_'"e_ l _]
I WALLGAP(ou'r[. ZON[_ | _966

UNIT_ oq5

w_, 39.1_5!

-59 37.776 !

"57 36.7'_6 i

-55 35.626!

l

-55 3_.5061

-5!33.3 6i
i

..... I

_XlD.i
1.8

TT

32.2

D,VEnOENV_OF,LE
F#FL ,LOX

d

,T't_ 5885-S3 .

GROUP Z

.228. )6/10t_ .I,16

._U9 )6/10_ ._16

.281"_8/96 ._28

• 90_

1.17 .799 !

1.15 ,57] 1 -

i ,

.28i 80/'88 __'628 15I , , ._,j 1.19 .799 ]
] I.......

"iAFFL[ IJ_NIITN l 3 _CHES

I
I

._Fm.ES

*"--- _ BAFFLE

_'lll" _ DAMS

•_bE-

•_7q

BAFFLES i__._

Y///7//
.250 -_

R_MAIIK$; Ths injector differs from X053, '5_I-H3
_n that i_ has 286 I_._ ._li_e_ and _he" _v_iee

next to %he baffle of eaeli LOX douMet adjacent
to the radial baffles in rings -53, -h9, -hS.

-_I. -Z7. -27, -23. -19, -l]J_ II %o
O.250-inch diameter a£ 28 degrees t2minu%es_. Outer

fuel rin_ 9rificgd for 70 _ercent flow, The
_._sylitters are a crim_'eds_qon t_p_e. Baffle-
to-land'ga_ not sealed, _'_...: ....

Lercent film coolan_ ffi5,.2......

Pe_ent excess fuel on .all '.,5!
New bomb bosses aL 22_ an(l_de_ree locations.

Figure 16.

It-5615-10

Injector Description, Unit 095, Type 5885--s3
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• A DIVISION OF NORTH AMERIC_N AVIATION INC

INJECTOR O($CRIPTION

QIqlFIC[ PA'F'FI_IiP_

.-,,...,. ,

__@_'S- _ "_- "--57 36.74() I

L __

<m - _1 -_ "¢_.626 -_o

• _, -53 34.506

3_. I_8

PATT ERN_ GI_ .-_L

[_N I_ { 0XID.

0nIrICE _m 168.7 1,,4._
RING GE00V'EDEPTH I • _38 I • 558
nlN_ HATmL_L I CU i C_
WALL CAP (FUEL RING) 1.71_

JECTION VEL. (1500K)[ 69 I is,,

[WALL COOLANT, _ 12.,,6 I

UNIT !00 ,TVPlE;. 6112-qPt ,S/N

_. I o I a _uF,[ z 0

.._Au_ ' _.l_s_s t I
[

t
• 1771 96 1 ""28 1_

_ i '

•_991 9(,

80

16

72

s. l1 xjc x),

-1.o9 .799 .";s
• ,i,

.416 20 1.o_: ._7'-, .'_,_8
i

I

.t;_,8!5_J 1.0______.799 .468

._ 1_, 1.1o! .799 .i_6_

• 199[ ss .416 20 1.07 .5721 .298

I - [
• '_77_ 72 ._28 15 1.03 .799 .468
._0[ 16 .._28 15 _ .7991 .332.

.1771 6_, .42s 1_ 1,12 •799] .468

O&FFkE DESIGN I

.uuttt o_c_mm'mm_ 1 l'_ I --
CO.ST_UCV'O. l WZI)_"P_.g._---A

B,tm.t eo_._v l nlEI_ /

BAFFLES

CODE

)1'1 .

. _"hl'-al_

-- BAFFLE DAMS

REM&BK_ The basic orifice pattern consists of
double rows of fuel orifices per rxng and "s-En-gle

rows of LOX orifices pe_ ring, with the exception

that there ate single rows of fuel orifices on

the 9_ter fuel ring and along the radial baffles.

,_he fuel doublets are drilled at 30 degrees

included angle and the LOX doublets at 40 de_rees

Jnnluded angle. Ther e are 164 fuel ring dams_
and hO baffI. dams. The fuel flow in the outer

ring is reduced to 70 percent and the l a_[le-

to_.land _ap is not sealed. The equivalent

total fuel orifice area is 67.5 s( 1 in. It has
riSE boss.

Figure 18. Injector Description, Unit 100, _]pe 6112-Q_

R--5615-10
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Figure 19 • Injector 100

IDP_I-2/15/65-cIB
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OmF_CE_,__

lqK

WA

-5_

pOll'--,,'

,r]
_IA :.281

I

/ _ 22°49'

DiA,,.281

LOX DOUBLET NEXT

TO RADIAL BAFFLE

EXECT OUTER RING

AND BAFFLE CANS

FUEL DOUBLETS NEXT

TO RADIAL BAFFLES.

EXCEPT .199 DIA. ON

RINGS - 35,13 AND

.228 DIA. 0N-59

I NJ(CT_ O_SCRIPYION

UNIT. X-O _l , Typ[ .580_-'a'3

! D ! , ,;m:mP
+_), l+P

,--

37.77(

_6./46

35. 626

_gt fuel

33.386

Z

+228 96/1_ .416

.209 96/lC_ ._l_

.281 88/qE ,_28
holes text t , radia

roles z _xt to radia_

, SIN

't" x''
_o iI.1_,.57_ _._8

!

20 1.11 .571 I .28z_

1_ 1.17 .799 : ,27i
t be Pfles,

20 i.i5 .57i i.238
baI l'les _ re .2_tJ dla.)

i i l

, r - - , , , - i +" '"' .......... r .... I " t i

• _FVLEDESIGN |.Uu_no_co._ l 13

t

BAFFLE COOLANT l '_'_P-J" "'BAFFLE LENGTH _ _._F_

t
I

BAFFLES

CODE

-_1 _ t _q,z :£- --
/

+'" ____I xL

11'"" '/";t, _-_ ")1:! ! ' _ i"1 \ _ AFFLE
/ _ ' " DAMS

RI_MARK_; This injector has Lhe basic FlIT orifice
_attern '_lth the exception that-the ians fro'm
_he fuel doublets next to the radial baffles

are canted to match the canted LOX fans next

to the radial baffles (s(e fii_ures at left).
'_h,_,*,_ a,_ _O_ _nlitte_s (n_oo_ed) and _O b_ffle
da_. The 9_ter fuel riz _ is orifJ '.-_-_o-_
_0 uerc_-L flow _p_i the baffle-to-land gaps are
not- seale_ _

6O

Figure 20. Injector Description, Unit XO_, Type _898--_

RJ;61%lO
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.

INJECTOR CI_IPTION

.209 DIK-

3%620 228 88/96 ._ib

.2O9

DIA.--'_

/
/

/

¢
\ rail°, 12'

_-.18§ DIA.

LOX TRIPLETS (GENERAL)

3_.506

3%386

SiN

ACENT

RE

•258

.258

!M#FLES

°°"

,',.) I:,'1 , --"
/

REMARKS; All I_X clusters are triplets except

f,_ ¢.he I_X doublets {O#209-inch diameter)

,_x+. +.a +.h, radial _affles (sketch at left)

,_.a +.h,_ do.hlets next to t.he baffle cans which

have g.120-inch-diam_,ter orifices, The in-

J,__+.,,- hoay h_s the hvdraullc Mod 2.

Figure 21.

R-q61q-lO

Injector Description, Uni% F-1002, Type 6109-V

..... 11
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INJECTO_ I_$C_IPTION

.571! _

:

150 _ " BAFFLES
• __ I,ql--

_,_o-_I_- -_I I-,-.4s

.4 . ,

RADIAL " OUTER

INNER CAN
CAN

,250 DI A. -"x , _1_]J_28° 127_lk

\ _\20_ql_. /

__L_ .242 OIA.

LOX DOUBLET NEXT

TO RADIAL BAFFLES

I

' 1,,13

i

I
1.19

i

•571 ! .238

I

cODE

I

/ " ,_ ," \

eEMkeg_ This injector ;,as the basic _T orifice

p_t(.ern J_ht has (;-inch baft'Jes_n_ehd of-_he

conventional 3-inch baffles. It has no LOX

splitLers or cireumferen¢ial baffle dam.._a- and

the baffle _a_ £_ no_ __ea]_d. The nuCoJ _ f,,_]

_q,_,_,(pr 70 Uercen¢ flow and the J_.Q__

de_.r_e location_ In the fourth fuel rin .___

Figure 22.

I),-5615-10

InJector Description, UniL 097, _yne 5885--Gz_
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A DIVISION OF NORTH AMERICAN AVIATION. |NC

•-53

¢ \

12° I O' "_

-39°_. 109 _A.

FUEL

,981 _8/'q6
• lOq 52

i i

' 1.]:

1,17

' 1.1":

1,17

.7qo .27h

i

REMARKS; Unlike double_(ML6) which imt_in_e
over rin_ lamls are provid "_ $ho_____3Le.__
left. There are 1_ unlike doubl.ets in each

outer compartment and 11 in each inner comnar _-
ment. The desim_ of the LOX doublef.__aext ta
the radial baffles lexcept fox- tb,- outer LOX
_in_) is shown at the left. There are 31l, LOX

splitters and 16h fue 1 rin_ _.m_,

Figure 2_. Injector Description, Unit X021, Type 611_-T_

R.--5615-10 65

_,i
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Figure 2_. Injector X021

lDB_5-3/3/65-EI
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A DIVISION OF NORTH AMERICAN &VIATION. INC

X|i

.25_

• O62

.252

.0ti2

.252

,

[ PATTmN,O_L
I I FUEL1.oxlD. I
[ ORIFICE AREA 88. _, I 63.7 I

[ RING GROOVE DEPTH I •538 1 •33s I
LRING Y_TERIAL ICU 1 03

[INJLTION VEL. (lS00K)l 5_. 128

CODE

tl,----St_--_

,_ , _ _/_z

.094 DIA .094 DIA.

REMARKS; This injector has 6-inch, cooled

hn£r]o_ Th_ro nr_ 9_.q fne_-impiu_in_ fn_l
=d91_blets in each outer compartment and 16 in

each inner cqmportment (2/_0 total). A sketch

of n fuel doublet is shown at the left. There

arc 16lt fue_ ring dams.

FACE IMPINGING FUEL
DOUBLETS

Figure 2_.

• b5615-10

Injector Des ription, Unit X0g0, Type 6101--U/_

67
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lI)]3_,1- z1/2/6_,-c ix

Figure 26 . Injector X0_O
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]l:il.O C III_ lEE T ]I:]D 'qlil/"l'q_ lEE e A DIVISION OF NORTH AMERICAN AVIATION. INC

.OmF]CE PATE;iN

I NJIECTOR I)IESCRIPTiON

UNIT, X060 ,TYI_E. 6] l_-V/" ,StN

,:o. o . ;GROUP Z [e
, WALL ")9. lt¢_" I

-5o 37.776 .2'-)(_ 96/10J .616 20

-53

-5.L

[-- PATTERN, (IENXY_L

,I I _JEL [ 3XIb,I
[ORIFICE AR_i 18o.7 I _7.7
L_rNG_R00V_DEP_ __L.53s I ._s ]
LRiN(; ,_I_TERIAL /cu Ira; /
LWALL GAP (FUEL RING) 1.711

[INJECTION VEL. (1500K)l 59 ih2_

IWALL C00LAN_, _ I 2.91 ]

I-DIA : ?..C9 kD A :.lB.5

LOX DOUBLET NEXT TO RADIAL
BAFFLES (EXCEPT OUTER LOX
PING)

-57 36.?,6 .':,o9 _• . n(,/10t .It 16

i

Sp xjc xji

1.z2, .57! .25_

-55 35.626

3h._06.

32.3S6]

"2--0- q.ll .571 ] .28h

, i

,281 !72/96 .h28 ! 15 1.17 .790 ,27h

.998 16 .t,2s / 15 -799 .373

(Next LO 11_dLal Baqrle _xcepl Outer Rin_)

I

•2_,_ 76/96._,16| 20 i.13 .571 ."3_:
.209 16 ho Les |28.2

• 185 16 be :es / 20

.281 6_/8ti .h28 1 15 1.19 .799 .27h

r.228 : 16 .- ,, 1 ,,

BAFFLE DESIGN ___

CONSTRUCTION [ WiDE BASE ___J

BA-_t _O_NT 1 _'EL _-----1
BAFtLt LENaT. [ 3 INCIFF_S ]

1 I
BAFFLES

. ',' \\

REMA_K.tgIIThis injector ]ms re_(,nerativ(:ly

r,noled radial baffle_ and dtLmp CgV_:_ ::i:'_qm-

ferential baff_, Tllg ft_gl radial feed ports

are /anePod and the ou%er fuel rin_ i8 _d

fur 60-Percent flow, Tile oxidize," dou!,le%:_ n(,xt

_lle rQd_a _ baffles (except outer l.OX ring)

_.Ke sllo%_a at the left, Tile oxidizer doublet,,

next to the eireumfe-ential baffles are 0.209-

inch diameter (20 degrees). The hal"fie-to-land

_aps are :;ealed. The in.jeerer ha:; a_ ,.:neooled
GSI': l)oss.

Figure 27. Injector Description, Unit X060, Type 6115-V_

1_-5615-10
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A DIVISION OF NORTH AMERICAN AVIATION INC

9emC_ PATTg_j..

r--
i

-.....

I NJECTOR I_SCRIPTION

UNIT 08ti . TYPe 6116-X4

NO.

WALL

-Sq

PATTERN_ GENERAL

• I FUEL I 0XlD,

;ORIFICE AREA I 85.1 I ;4.1

RING GROOVE DEPTII I •538 I •538

RING MATERIAL , I CU i ',U

"WALL GAP (PEEL RING) [.711 L, /
INJECTION V_L. (I:_00K) t 56 /.28
WALL C00LANT, % 12.8 | "

IDIA.=.297 k DtA.:.242

LOX DOUBLETS NEXT TO RADIAL
BAFFLES EXCEPT OUTER LOX RING

D 4

_q.188

Z7.776 .228

S/N

53 I 34. .5061 •24o

(Excel Dt next] to rad

-,51 ! 33.38( .°81

I
...... I........... L

GROUP Z

!

96/_Z! .',16 :
; I

9b/_O_ .41b

88/90 _28 ]

I Sp
@ ! w"..,:_

[ *

, .....

I

20 1.14 .571

t20 ] .il .57t

_._

15 1.17 .799

xji

• 284

• 27_

.238

:. 271t

88/96 .41b 120 1.13 .571

nl ba _fles) ]

I

80/88 .428 ] 15 1.19 .799!

IAFFLE DESIGN

m_g1_l.EO0$1_$TRUCTION WIDE BASE

llAIq_E COOLANT Fill, ..
IAFFL[ LENQTH "_ rN_ll_

BAFFLES

,4_8 CODE

Sp--I

)/,/! \',_ /.,_ -_
j" I /

FFLE
DAMS

REMARKS; This in,iector has the basic Btoch 2

£nloc_ion nntt,rn with Lhe nxeop*.ian tim÷. ¢.ho

oxidizer orifices next to tlle radial baffl¢_

_with the exception of tI_os¢ oi! tile 9_ter LOX

rin_) wore enlaraed to 0.997 inch diamotor --

(ql:,_.oh a÷. ]0f+.%7 Tn nddi÷._nn_ the f-el flaw in
the outer fuel i'ine was reducoa to 60 n__reent

and the baffle-to-land _ere sealed. Tim

duma coolant orifices at the baffle tips wez'c_

e_nnvorLod Lo th_ _tandard showerhead de_i_an, -

There are liO baSfl9 dams bu_t no L0X splitters.
There is no GSE DIu_.

Fig_zre 29. Injector Description, Unit 08_, Type 6116-X_

72 R--_61_-lO
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X,_ O C K a_. -1_ 11_'_1_ r_bl _ • A DIVISION OF NORTH ANIIERICAN AVIATION INC

I NJECTOI_ O_SORIPTION

-59 37.776

UNIT 0..___,TYR_ .588 ._-Cti . ,SIN --

6 i "1.o. I o GROUP Z S_ i

w-,,1 39.188!

.228 )6./10t_.Ill6 20 I.I_

-57 36.7_6

-55 S5626

xi¢

•571

.209 96/10t, ._16 20 1.11 t..571

.281 83/q6 .,ms 15 1.17 I .799

L. ept Nex

--51 33.?86 ,281 80/8E ,t_28 15 1.191 ,799

- ! " .

" .............. "-" ....... - .... L ......-. .... ,.t._. _S,*N ' .............
f PATT_, G_* 5 r___.o"_"_m'm''i'L OXID' IltaamklLO0_$Tltu¢_'to. i lqTDE _E
| ORIFICE AREA 185.I 61.__ | IAFFLI ¢OOkANT I PIW, t,

|' RING GROOVE DEPTH ' "558 "538 [ImFFL' Lt'TN { ' INCItEs[' WALLRINGINJECTIONMATERIALGAP(FUELVEL. (1500K),RING)" ,.71i,CU56 /CU133-

LWALL COOLANT, _ 13.2 ! SAFFLES

.2_m 8_/96 .l,16 2o 1.13[ ._71
to P_ [ial E tffle)

tD_A :250 _b
• . k- DIA.:.242

LOXIX)UBLET NEXT TO RADIAL

BAFFLE

Xli

• 28tt

• 27/_

• 238

I ,271,

• "

_DE

, -. • --

J \ DAMS

REMARK_g Thi.s injector has the Block 2 injector

l_attern. There are no LOX sDlittor-_. TI_ovo are

_2 dams in the outer circumferentia]

8 dams in the inner _ircumfcrential baffle. The

baffle-to-land _aps arc not sealed, The outer

]_nO1 l'in. is orif. ined for 70 nnrannt flaw Thn

desicli of the Lax doublets neit to the radial

baffles on ell LOX rin_s except the ou.tcr LOX

rln_ and those LOX rin_s next to the circmnfer-

cntial baffles is slmwn at tho l('¢_t.,- ..._l_te bomb

bqsses are plated on the fourtjl f'l£! rin.J at the

--2) and l_p degree Iocatxons. The Xnl(,. _or has a

cooled GSE boss.

7_

Figur_ _0. Injector Description, Unit 095, 5885-C_

P.,-5615-I0
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ORIFICEIqk1"llERN

INJECTOR 0($CRIPTION

tm_T F2009

NO.
WALL

(IN

I_ L I oxz])=
ORIFICE AREA J 89.0. I 63.2
SING GROOVEDEPm I ._ I .538

RING MATERIAL ICU _.._WALL GAP (FLrEL RING) .711
Ig,mCTI01_VEL.(1500K)! 53 I 129
wA_ cooI_2, ,_ L.-- ,

o

_7.776

3fi 7J.fi i

I

_. 626 ]

1

z_._oo 1
._e D'C De:_

33. _8fi I

.... I

,TYPE. 6118-Ztt ,S/N

J t_uP z i e i sp

r i
I

.928 )6/lOa! .h16 !20 1.1h

i

_90q

,981

.981

m/lnz___lfi]gn 1.1l

!

t8/96 .h28!15 1.17

i

i8/96 ._16J 2o 1.15
lial t affles_

..... j

_/aa ._26[lS 1,1q

• I
........ | .......

xjc xji

-57] _-_Ss

.571 .9a_

.799 .27_

,571 .2_e

.Tqq .27_

........ , _t.[ _StGN

NQIdaKR OF .COIli_Jl_l_[T_ [ l__'_r

wma, oo,,rretucTmN _,TJ)E BASE
B_E. COOt._T FUEL

tin.at kt_Ta ,3 IN_fRS

*' " "I Y A"/I / PAIRS ,

_ (IS°_Z:.428 ' ) .__
)///!V,\ /.,,

t I x /

L.ool;.\L o,,
LOX DOUBL£T_ NEXT TO RADIAL BAFI_L[
([XCE#T OUYER LOX RING e_ NEXT TO
CIRCUMFERENTIAL BAFFLES )

REMARKS _aia inleetor _$ the basic Block 2
nrifice pa±torn xdth the exee_Lion _J_at the
_i_,er circumferential baffle _re_e_erotively
cooled) was reduced in width mid orifice _rouns

are drilled ot the base as shown in the sketch
_t.t_e left. i_e LOX doublets at t_e intef-
section_ Of the b0ffles were reinstated. The
haft]e-to-land _aus are se_lgd ond _hq injector
has a _oolod..GRE haaa. _ho flai_ ifl th6 outer

fuel rifi_ _s reduged to 70 percent mid the boib
bosses are positioned at the 22_ and 1_ degree
locations.

Figure 31.

R-5615-10

Injector Description, Unit F-2009, _e 6118-Zh
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Figu.re 32 • Injector F2009
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;-3/5/65-C2A
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-=..

INJECTOR I)(SOIIPTION

UNIT 099

-_q 37.776

--.....

-53 34.506

.... ' ;-._'" .-_i .....

I PATTERN, G_L I I0XID,
pRInCE AREA 181.9 I 59.9

f RING GROOVE DEPTH I • 538 i. 538

LRING MATP_IAL I _ [cu
[W_L GAP(FUELRING) I.Tn
I II_-ECTION VEL. (1500K)] 58 ! 136
[ WALL COOLANT, _ I _'b_ I

,TY_ 6106-W_ ,SIN

d GROUP[ z o sp

p

.221 ]0./06 .&16 90 1.2it
....

.257 30/96 ,_1.6 20 1.20

.281 30/96 ._28 15 1.17

.2_o 30/96 ._16 20 1.17

.323 ;_/80 ._28 15 1.23

i

xjc [ xll

.571 _ .268
i " "

.571 .218-"

• 799 .27_

•571 .228

•799 .196

...... I I I F " rl n

.... , BAFFLE IHiSIBN

1

su.m_ tt_mmm_ i _
IAFt_J[_tTR.CTION ] WIDE BASE

sA_t CO0_T I FUEL

,,,,L,ut_,T, i _ imms

_F_LES

/ \
LOX DOUBLETS NEXT TO
RADIAL BAFFLES EXCEPT
AS NOTED

_l U2__2_
)///! V,.\ I/! \\_,;,_
/ , , / ',

REMARKI_.. _This in.iector has 2_ baffle compart-
ments and a radially aligned orifice pattern.
The oxidizer doublets next to the radial bar-

fles on all rings except the outer ring and
rin_s next to circumferential baffles hav_
cnnted fans _,see sketch at left). The injector
has a cooled GSE boss and the baffle to land

_ps are not sealed. The injection orifice dia-

meters are pro_rmmed f?r _niform propellant
distribution. There is I00 percent fuel flow

in the outer rin_. There are no baffle dam..

ring _roove dams_ or oxidizer splitters. --

i

*-L-----mm_.

78

i., ,

Figure _3 • Injector Description, Unit 099, Tyve 6106-W_

1_5615-10
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A DIVISION OF NORTH AMERICA_ A_'IATION INC

PATTERN, GENHtAL

I_L I roD.
ORIFICE AREA [ _6• 0 ] ;2.5

RINGm_00V'EImPTI_ I •538 [. 538
RING MATERIAL CU I CU--

WALLCAP (FUELRING) 1.711
INJECTION VEL. (1500K)I 103 lp6

wA_ C00LA_,'r,_ l_,.1 !

I NJECTOA O($OIIIPTION

UNiT X-O_8 .TYP_ 611_-Stj _,S/N

Z .., e

CODE

. 5p

d t

_?. iss

[.o89 _136holes

37.766 [.1_ L28/I_

36•929 I.I_7 128
holF, s

36.5_8 1.166 iL28/1_

_.626 1.160_ L76/lq; .218 20

holes

_._06 I,,875 1_8/98 ._16 20

S_ xjc

.218 20 .82_ ,_00

SH.HD. .806

._I_ 20 .798 ,500

•_7_

xfi

.102

m

_OG ! .107

I

., lO6 i ..572

!
•537 I .'_00

llmmal:,_ rrRuCT'O_ 1. WIDE BASE |

i ,_m.a_coo,,._0v I HYEL I
L_Fs_ Utr_T. i _ ZN_W.S l

iSAm_ C00IaX_ AB_A l t,_' I_ ]

I_I_FFLES

,
Y

•_I_

.106

REM&RK_ The injector has resenerativ¢_y cooled

radial baffles and dump gooled circumferential

baffles• The rin_ orifice (oxidizer and fuel)

pattern is similar to the H-I configuration.

There are tapered fuel radial feed ports.

5/16-inch.bomb bosses are located in -_ LOX--

rin_. Th_ film coolant orifices in outer rin_s

{kr=_l_d I0 Oe_rees toward the wall ezceut

those adjacent to radiql baffles, which are

._=%d "degrees toward wall. The baffle-to-

,s are sealed. Tho inJoetor hn_ an
unco, d GSE boss•

Figure 3t_.

R-5615-10

Injector Description_ Unit X0_8, Type 6113-S_
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1Di_ 1-3//10_/65-01A

Figure 35 • Injector X058
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_OCKETDYNE
• A DIVISION OF NORTH AMERICAN AVIATION. INC

QR_FICE pa'r_ml

PATTERN, GENERAL

[ FUEL

ORIFICE ART_A 80.7

1Rz_ GROOVEDn'_ I •5_8
IRING MATERIAL .... I CU
LWALL GAP (FUEL RING) . .711
I I_EcTZ0NVEL.,(15ook)l59
[WALL C0"0LANT, _ 12.9l

/\

t Olk:.250 _lk_k- DtA :.221

0XID.

6o._
.538
CU

/
135 t

I

35.620

%o radi

3_.506

1.1_t .571.228 96/10! A16!20 .,
f i

BAFFLES

W_-=-sp---_

/11'\\\ I# ,_ x_,_-
),//[ ';,._ /:,:J \'\\ I_

OX doublets next to radial baffles GSE boss, no splitters t and no dama.
xoept outer LOX ring)

Xli

.258

.28_

.27_

.373

.238

.274

The orifice pattern is similar to type
REMAKK¢ 6115-V_ except %he LQX doublets adjacent
¢o the radial _les were o_enedu_accordinK
to the sketch a% i%ft. This in_ectorhas regen-

er__ively cooled radial baffles and dum_ccoled
circumferential b_ffles. The fuel radial feed

e_ and the outer fuel rink is
o_-_ercent flow. The oxidizer

d_,h]ets ne_$ $o _he radial baffles [excep--T_uter
LOX rin_) _y_ shown at %he left. The oxldlzer
doublets n_t %0 the c_raumferential baffles are
O.90_-ineh diameter (20"___he baHIe-to-
1.,,a g_!_,_ _re sealed. T_9 injector has an uncooled

_

Figure 36 •

82
2:

Injector Descripdo._, Unit X060, Type 6121-V_ :

I_-5615-i0
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I_O C II_ ]E: T IE_'_&¢" I'q_ ]E: • A DIVISION OF" NORTH AMERICAN AVIATION. INC

0mFaCE PAT_:_q

_ r,,.76,11_ __
-

hl -- " I

< _ _ --_---- - _. I-_55 135.626 1

- t .,o6i

_7 _)----_._._ _ _. 1-51 133.386 ]
.. ---K)-"-'-__ .] 133.158 1............... ] I I

L..-.-._ PATT]_rZH, GENERAL . |

L IFt_L I ox_.]
LORIFICE AREA " I 68.7 I 62. _ |

_G GROOVED_ I .238 .538 ILETSGMATmIAL I CT_ I CU ]

IWALL GAP (HIEL RING) 1.711 L/I

.IIkUECTION VEL. (1500K)l 69 I i$I ]

I_¢ALL COOI_NT, _ I 2._,6 I |

I NJECTOIIt I)(II¢RIP1'ION

UNIT, 100 ,TYI_ 6117-Y!* ,S/N

o _p z els, ,_l=,,,

".177 I 96 ,_28 15 !1.09 .799 ]

• ,, q

CODE

u/_
"4_Sp.-tN

i

.XIi

._68

.181

I
.177 I 80 .t28 I 15 1.02 .799 I ._68
.250 1 _6 .128 I 19 .799 I ._)2
._77 1 72 ._2s I1_ I 1._o -v9_I ._6_-

.2_o ] 16 ,_28, J 15 ., .799 I .3_2

.177 ! 6g ' ._281 15 ] 1,12 .799 ] .b68

. _l_lCh_ DES,gN I

N4Nt_01' mtowmmtrt l 1_ I
_muc,,_ I .,W_DEBASE I

im_t CO_A._V I n_L l

tm_,¢LI t.lNeV, i 3 INCHES !

_a_FLES

J..... _ BAFFLE
DAM_

The basic orifice pattern consists of

REMARK¢ double rows of orlfice_ in each fuei

rind'and single Cows of orifices in eac_o--x_izer

Tin=. The diameter of the oxidizer orifices_p

0-2/_ inch (_ ds_reee included an_le) except .
thdse adjacent to %he cir_u_feren%lal baffles

azid_adJ_gent to %he radial.baffles on the -_1 "
_nd _3 rings_ which have O.199-inch 'orifices

(bO de_ree@ included an_le). There are _6_ fuel

_in, d_m_. bO baffle _ and _he fuel ilow is

reduced to _0 percent in the outer ring,. The

baffle-$o-land _a_a _re sealed and the in_ect6r

has a cooled GSE b9_, ..

Figure _7 •

R--.5615-10

Injector Description, Unit I00, Type 6117-Y_
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]HL O 4[_ Jg: mE_ T ]JD"qlk_ _ IE_ • A DIVISION OF NORTH AMERICAN AVIATION. iNC

ORIFICE P£1"TER N

NO,

-- _VaLL

I NJECTOil OEV_RIPTION

UNIT 082 ,TYPE _896-A5 , S/N

a I GROUP Z e sp

hi

-55

L0X

................... ''r "_ T "

PATT_N, GENERAL
_L I0XID.

ORIFICEAREA J 8_.0 J_9.6
m_'G Ga00WD_Tn / •538 J. _8
a_x'G_rmIAL ICU -]cu
_m, sap(_L aI.','G)I .711"L---'-
,TX-IECTION VEL, (15ooK)l 56 I 16_

WALL COOLANT, _ _.6 I ,

Z DIA :.2T875 X DIA.: 209

i

_5.626[

_._o_1
soles n_

•_B 19_/_ ._1_ _o x.x_
,

• 209 ]96/10g .57g 28.2 1.11

.281 188/96,! ._28 15 1.17

i

.209 1_8//9b] ._ _.2 '1.1)
_t to _affle_ ._16 " 20

i

Xj¢

.571

.3_9

Xli

.258

.153

• 799 .276

• 28_

.'_81 !80/88! ._28 15 1.19 .799
I

! i

................... J........... f ' I'IF"

, ,IkikF,FaE DtSI6N

I

OONJrauCT,ON.I WZDEBASP.
JAlq,_.,,t eOOt_Nt | FUEL
JAFFa[ LINJTH ] _ I_CI_8

I_FFLES

.27/_

' 8 CODE

_'_ _

" " \ / _ _ BAFFLE_MS

This injector _s the same orifice pat-

R_MARK_ tern as the tyue 5896_d_. The _opper
rings were coated _th a _radated re_acto_ _
coatin_ of Nie_ome. _eonel, _d Z_rconi_

oxide. A _he_oco_]_ is lodated _t each of
t]_ follawi_ fiasi£ian._ -h7 ¢,,_1 rlna (¢ana
side).-_ o_i_izer ri_ (fa6e side}, gnd -h_
oxidizer rin_ (ba_k side). _e in_ector _s
100-oercent fuel flow in the outer rin_, no LOX
splitters, 16_ fuel rin_ Eroove d_s_ _ circum-
ferential baffle d_s (16 outer and 8 i_er)_nd

The injec-L0X doublets next to radial baffles the baffle-to-land _au is not sealed.
(except outer LOX ring and next to tar do_s not have & GSE _oss,
circumferential baffles).

Figmre _8. Injector Description, Unit 082, Type 5896-A5

_j
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I NJECTOIR IX:$CllllrrlON

ORiFiCEF_T't15_

-i

UNIT X 021

NO. D

W_ i _9.1M8

-59 37. ;/67"-

-57 3b.Tgb

_

35.20

B PATTEBN_ GENERAL

, FJEL I 0XID,

0RIFIOE AREA 90.5 I _0.4
RINGOa00VEDEem .558 I. 3_8 1
ING M_TERIAL CU I L_2

[WALL GAP (FUEL RING) .7!1 L/

[INJECTIONv_L. (!;,o0K) 52 1162
IWALLC00IANT._ 4._5 I

I \IIUNU. 

!_ 2_7DIA

.104DIA. _'1_ . _+_ FUEL "

,TV_L 6122-E5 ., s/N

I I C._ Z • sp xjc

_.

.228 _96/10_ .416 20 1.1_ .57l

I

.209 Igb/I0g ._74 28.2i 1.11 ._g9

xji

.2m l ss/_ ,_2s t_J

.2187 1 _2 .".I0_ I 32

._o9 188/96 ._7,,

.'<_i IL80/88 ._28 l_!

.2Z_7 I 2z_

1.17 .799 .27g

]..t_ ._9 ._53

1+17 .799 i .27_

i i + "

. . B&FFLE DESIGN _ J

I_oNc'muc'noN ! WIDE ]_LSE

i_.m.[ Leaf. _ INCHES

BAFFLES

)///? V'A I."I \\\!_
- / \

-4_J--o .... REMARKS;The orifice pattern differs from t},pe
-- _'_"-'_/_. 6114 by a doublin_ of the orifice diam_ter, of

O• _k 2' _'/ %h6 unlike doublet.a (l/J6) whi,.h imuin=e 0re1 _

A " \ I / rJm-. la.+1... ShoWn in %h. ake£eh it ieft. The.re

L\| Xl/ azM 11 in _aeh inn_ gom_,_aa%, The d_t_,_ of
/N_ /X. LOXDOUBLETS NEXTTO _ _OX doukle¢s next to-the radial baffles

_1 / _ AS NOTED l___t_ Th_r+_ a,-_ _1_ I£_X sgli£g_ra and 164 fu_l

il % GSE h..., _h. _.#f]._+.,,=l,,.,a ,,..,,. a,+. imalmB+
209-2 ",-DIA:2IM) The radial ,_ffle+ a*_ slotted; "

Figure 40. Injector Description, Unit X021, Type 6122-E5

R-.5615-10 R7
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]li_ O C i!_. IE_ "lr D "_" l_bI ]11_ • A D;vISION OF NORTH AMERICAN AVIATION. INC

INJECTOA 0[_IqPTION

QR_FICl[ paT'fiim _

NO.

., W£11

........ l I

PATTERN _ GENERAL

N.I_ OXIDORIFICE AtLF_ 85.0 59.2

RING GR00YE DEPTH [ • 538 .558
RINC HATERIAL ] CU CV

WALL GAP (I_ZL RING) [ .711 /

INJECTION VEL.(1500K)[56 158
WALL C00L_T", _ [2.8

umT x 0_9 ,rvR 6110-D_

o , [oaoup
t

I

37.767 .228 96/1_

36.7_6

, S/N ......

[ Z e sp xj¢ ] xji

L : •

._16 20 l.lg .571 1.258
g .

.209

LOX doublets next to radial baffles

(except outer LOX ring).

!c_lO_ ._16 20' 1.11 .571 ! .28._

n

_5.626 .281 88/"_'d! .z_28 15 1.17 .799 ! .27_
i ! i v

_.506 ,2t_2 88/961 .h16 201 1.1_ .571 [ .238

ept net to ra{ltal b_fflee) I

i I '
i

_.386 .281 so/8s! ._28 151 1.19 .799 !.27_

- " . _ ".",_L_o.,oN...........]
NUk_n_'co._ ! l_ /

c_rmucv0oN [ WIDE BASE
Bali CO0_NT / _EL .

|£FFL[ L[N_TN 1 _ INCHES

_F_.ss

" x%
I o

RGE1MARKS; This injector is the same as the typ_

10-F4 with the exception that the fuel flow

in.the outer ring _s reduced to 60 percent i

the b&ffle-to-land [aus _ave been seple_| and
• he LOX sulit_era _ere_remsvtd. The design o£

the oxidizer o_ifices next to the radial-baf-
fles is shown in _he s]_e_ch at _he left. The

in_ector has a cooled GSE boss. Thgre _re hO

baffle, daem.

Figure 41.

R-561_10

Injector Description, Unit x0hg, _h]pe 6110-D5
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Figure 42. Injector Description, Unit X0_5, Type 6115-F5
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• A DIVISION OF NORTH AMERICAN AVIATION INC

9_

9mF,(;_ pArP_.

-51 .

t
PATTERN_ GENERAL

{ H/EL DXID.
ORIFICE AREA [ 85.1 69.5
RING GROOVE DEPTH [ •558 .538

RINGMAT_IAL Icu cu
wA_ _P (mmLRING)I.Txx /
INJECTION VEL. (1500K) 56 171
WALL C00LANT, % I3.2

I NJECTO4ff OI[,_:RIPTIO N

UNIT 095

_No.i o
WILL 39.188

--59 37.767

J

35.62b !

i

_,.506|

.__Dtnex_

33.386 1

i

ii r I

. coo,

-._,_o,_. _;,,/!,,.,,,.,// ',__ -y

A_ "" \ I / REMARKS;This is a development in_eetor with the
_,_ \1 / 9xidizer-ove.rlap next to the radial baffles

/_ \__,1/ increased b[ drillin_ out the holes___ adjacent -to
_xN_ '_' %he radial baffles (except %he outer LOX rin_)
/<_N /\ _9 0.272-inch diameter as shown iP sk¢_h_t
_ /\ ,the left_ There are no LOX split+.ers_ _0

;,/ / /_v /, _gn d cads are sealed. The injector has a
? _k cooled GSE boss,
a. D_.,._72 %- DIA.,.24;._, '"

Oxidizer dcublets next to radial

baffles except for outer oxidizer
ring

Figure /_Z_. Injeetor Description, Unit 095, Type 6120-C5
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HYDROD_CS

With the installation of a new flow data collection system at the High-

Flow Facility late in December, it became possible to obtain accurate flow

data on a specific problem in a reasonable period of time. The new system

also contributed indirectly as the libraxT of data accumulated. Confidence

in its repeatability and reliability was established, and methods of ap-

plication of the data to special problems were evolved.

In the original concept, flow distribution studies were designed as an

aid in the understanding of the overall combustion stability phenomena

in the F-I engine system. Such a correlation was not found. Only in a

few isolated instances were flow data able to contribute to the solution

of an individual stability problem. The major contributions of flow

studies came in the fields of performance and compatibility.

Injector X033 is a good example of the uses made of flow distribution

data. This unit was a baffled injector with the orifice rattern pro-

grammed to obtain uniform flow in both the r_dial and circumferential

directions. Both the oxidizer and fuel side_ were so programmed; the

basis for the calculations was the flow data obtained from the FRT-type

injector X050.

The expected performance gains were not realized when the injector was

tested. For this reason, flow distribution studies were conducted on

injector X033 itself to determine the efficacy of the programming calcu-

lations. The flow tests showed that the desired imiform circumferential

profiles were not obtained on either the oxidizer or the fuel sides,

Both radial distribution profiles, however, were well within design

R--5615-10 95
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limitatio_As. The circumferential profiles showed that on several of Lhe

rings where high dynamic head was the predominant factor affecting group

flow, programming the orifices had actually resulted in an over-correction.

The most significant change was the loss of flow profile symmetry within

a baffle compartment. The distribution of injector X033, in general, was

an improvement over the FRT injector.

Another injector flow tested during this period was injector 077. This

was a flat-face injector designed to obtain uniformmixture ratio across

the injector face and uniform injection density except at the outer pe-

riphery. The profiles are shown in Fig. _5 and _6 which are, respect-

ively, plots of mixture ratio and flow density as a function of position

across the injector face. To achieve these, the orifice sizes were pro-

granted radially across the entire injector. Care was also taken in the

body design to match the relative amount of axial feed passage area to

that of the rings.

The injector flowed close to design expectation. Only four oxidizer rings

we,_ significantly different from what was desired. Two of these flowed

higher than the design points and two flowed lower. Two fuel rings flowed

higher than design. This was compensated by slightly less than design

flow in most of the other rings, The amount of decrease, however, was

not considered a significant departure from design. The effects of the

high and low flowing oxidizer rings are evident in Fig, _5 where in zones

5, 6, 10, and 11 the mixture ratio deviates from the desired value. The

high flowing fuel rings offset the low flowing oxidizer rings in zones

5 and 6 such that the flow density (Fig. b6 ) was not affected.

It was indicated in flowing the FRT injector without oxidizer feed passage

splitters, that such devices, properly placed, could be utilized to secure

96 R-561_-10
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more uniform circumferential oxidizer flow. This theory was tested on in-

jector X050 in which the splitters were arranged in a configuration desig-

nated type 084X. The method was partially successful in that the circum-

ferential profiles in several rings were improved over the FRT injector,

type 08_E. A comparison of this for the -57 ring is shown in Fig. _7 •

The hypothesis that splitters may be used in this way was confirmed, how-

ever, and from an analysis of the results of type 08_X, a configuration

to improve the remaining rings was derived.

Flow sampling tests were made of the two rows of orifices inboard and

outboard of the larger regeneratively cooled circumferential baffle of

injector F2009. These are not separate rings, but are actually drilled

into the base of the baffle. The results gave 0.8+ lb/sec/group and 1._5

lb/sec/group for the inner and outer rows respoctively as opposed to de-

sign values of 0.71 and 1.09 lb/sec/group. Those results indicated a

slightly fuel rich mixture ratio in these zones, probably accounting for

the lower performance of the injector.

A different type of testing from that described above is carried out at

the Medium-Flow Facility, Here the testing philosophy encompasses three

basic areas: research, development, and support. The primary concern is

the gathering of detailed information rz_ther than gross or average data

such as are accumulated at the High-Flow Facility.

A study • was made to determine the fan formations of two orifice groups

having their jets shielded to the point of impingement. The groups were

a doublet and a triplet (Fig. _8 ) _:ith the orifice diameters sized such

that the total areas of both groups were approximately equal. As was to

be expected, the pressure drops, therefore, were approximately equal.

Both groups yielded elliptical cross-section fans. The major axis to
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minor axis ratio of the doublet fan, however, was approximately 2 as com-

pared with 6 for the triplet fan. The frontal fan shape (perpendicular

to the plane of impingement) was parabolic for the doublet and triangular

for the triplet.

The design of the full-scale F-1 injector employing an H-1 type orifice

pattern (injector X058) required that the igniter system housings be set

into the rings at an angle of approximately 7 degrees in order not to dis-

turb the basic pattern. It was desirable that the igniter spray, however,

be injected parallel to the chamber axis. Flow tests were, therefore,

conducted on igniter housings to develop a design that would tilt the

spray fan in the desired direction and amount. It was found that off-

setting the housing slot from the centerline by a few thousandths of an

inch can tilt the fan as much as 13 degrees. The configuration to yield

the desired 7 degrees was determined experimentally, and verification tests

were conducted on a set of housings fabricated for injector X058. Twelve

of the 16 housings gave fans tilted _rithin 1 degree of the desired angle.

A valuable technique for assessing the mixing characteristics of a pro-

pellant injection scheme has been the use of different colored dyes in

the effluent streams. This technique was used in evaluating a spud de-

vice known as the microtangent tube. This device is so called because

its design consists of a set of small diameter tubes stacked within

a larger tube. Oxidizer flows through the tubes and fuel through the

interstices between tubes. The mixing characteristics were found to be

fair. A shroud of fuel surrounded the spray core. This is beneficial

from the standpoint of chamber compatibility, however. Pressure drop .______

on the oxidizer _ide was slightly higher than desired, although this

could probably be overcome by a slight redesign and be_ter control during

fabrication.

102 _-._615-10
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As was mentioned in the test and analysis section of this report, con-

siderable experimentation with the canted oxidizer orifice groups adjacent

to the radial baffles was undertaken. Hydrodynamics support testing was

also accomplished during this period. Three orifice groups, 0.185/0.209,

0.185/_.2_2, and 0.2_2/0.297 used respectively on injectors X0_, X049,

and 08_, were flowed and photogrsphed. Figure _9 shows the spray fans

obtained with two of these orifice groups, It is from photographs such

as this that configurations may be selected for test firing in an in-

jector, the choice depending on the criteria to be evaluated. Of the

orifice groups tested during this study, the 0.185/0.2_2 was superior

both from the standpoints of fan density and cant angle.

R-56!5-10 103
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DESIGN

At this point in the _rogram major emphasis in the design phase of Pro-

ject First activity was being placed on isolating and determining the

magnitudes of those factors that would eventually lead to the selection

of a Qualification injector. For this reason, work on unconventional,

exotic, and advanced concept injectors was temporarily suspended during

this period. Effcrts were concentrated, instead, on modifications to

existing injectors and the design and fabrication of new injectors in-

corporating features beneficial to performance and stability.

INJECTOR MODIFICATIONS

The stringent requirements for the Qualification injector and rheim-

pending incentivation of the F-1R&D contracts required that the greatest

amount of information on proposed injectors and design changes be acquired

in the shDrtest possible time. Past experience indicated that the best

way to accomplish this is the modification of existing injectors to in-

corporate changes for quick evaluation on the thrust chamber test stand,

2A, and a large number of injectors were modified during this period.

Most of the m_ifications* described in the following paragraphs were

tested during the period, and a discussion of the results is contained in

the Tes%ing and Analysis section of this report.

Injector X021 was similar in design to injector 082B. It had a 13"

compartment baffle system, 3 inches in height, with in-line, programmed

*For a description of tile previous design chazacteristics of the

injectors described herein, refer to R-5615-9, History: Project First,

F-I Combustion Stability Prosram, Volume 3, Book I, Rocketdyne, a
Division of North American Aviation, Inc., Canoga Park, California,
CONFIDENTIAL.
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radial vanes. The fuel side was the same as the standard Block 2 type

injectors. The oxidizer side had 0.209-inch-diameter aoublets impinging

at an angle of 56 degrees 24 minutes. The injector was modified by the

addition of 146 unlike doublet orifice groups, 102 in the outer compart-

ments and 44 in the inner compartments. The orifices were sized to flow

1 percent of the total flow at a mixture ratio of 1. In a later modifi-

cation the orifices were enlarged to accommodate 3 percent of the total

propellant.

Injector X049 was similar to the Block 2 type injectors in every respect

except for the use of excessive overlap in the oxidizer orifice groups

adjacent to the radial baffles. In an effort to improve performance, the

axial feed passage splitters were removed from the oxidizer side and the

outer fuel ring was further restricted from 70 to 60 percent of nominal

flowrate.

Injector X058 was a full-scale F-1 injector employing a modified H-1

configuration orifice pattern. In an effort to gain stability and per-

formance increases, the injector was modified by enlarging the fuel ori-

fice area to lower the fue] injection velocity to 78 ft/sec. Angles of

the fuel doublets adjacent to all confining surfaces were changed from

40 to 30 degrees. Fuel flow from the inner and outer circumferential

baffles was reduced to 2.7 percent.

cooled.

The radial baffles wer: regeneratively

Injector X060 was a rotated, regeneratively cooled baffle configuration

with a modified FRT ring set. The radial fuel feed ports were tapered,

and fuel flow to _he outer ring was restricted to 60 percent. The unit

was first tested during this period and was subsequently modified to

increase the area of the oxidizer groups adjacent to the radial baffles

106 _-56_5--10
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for performance improvement. The _roups had 0.221-0.250-inch-diameter

orifices with typical canted fan impingmen+ angles.

The stabili±v checkout of the regeneratively cooled baffle concept _¢as

made with unit 08_. The baffles on this injector, however, were not

themselves regeneratively cooled. The coolant orifices in the radial

baffles had been plugged so that the concept could be checked with short-

duration tests. During this period, the radial baffle orificing was re-

stored and the fuel flow to the outer ring was restricted to 60 percent.

The large-orifice(0.2_2-0o297-inch-diameter) canted fan groups adjacent

to the radial baffles were retained, providing an oxidizer-rich condition

in these areas. This apparently accounts for the lack of performance gain.

4_

Injector 095 was originally a Block 2 configuration injector. It was first

modified by increasing the overlap of the canted fan groups adjacent to

the radial baffles to 0.2_2-0.272-inch diameters. During this period

the splitters in the oxidizer axial feed passages were removed to simplify

the construction. Upon testing, the stability of the Block 2 configuration

remained unchanged, and there was a slight performance gain.

Baffle configuration changes were accomplished on two injectors &zring

the period. Such changes, because of the methods of baffle attachment

and cooling, re_ire rebrazing the injectors in the furnace and, conse-

quently, are classified as major modifications. The 6-inch-high, dual

parallel passage, (Fig. 50 ) dump cooled baffle system on injector 097

was replaced with a conventional 13-compartment baffie system except for

the height, which was only 2.8 inches. The outer dump cooled circum-

ferential baffle of injector 2009 was replaced by a regeneratively fmit

with fuel injection at either side of the base. The base coolant orifice

groups were matched to the adjacent oxidizer rings and wer2 sized to

R-5615-10 107
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provide a mixture ratio of 2._ with half of the oxidizer ring flow.

splitters in the L0X ax:Lal feed passages were also removed from this

injector.

Th e

Injector 099 was a 25-compartment injector _¢ith the ring orifice areas

programmed to provide a selected radial injection density profile. The

baffles were of the conventional dump cooled design except for their

greater number owing to the increased compartmentation. A chamber com-

patibility problem was detected when the injector was tested. The re-

strictors in the outer ring axial feed passages were removed to eliminate

this condition.

Injector 100 was modified to improve its performance. The orifice pattern

was basically a double-row fuel, single-row oxidizer design. The oxidizer

area adjacent to the radial baffles was increased and the impingement angle

was changed from _0 to _5 degrees. Significant improvement in performance

resulted from these modifications.

NEW INJECTOR DESIGNS

Four significant new injector designs were released for fabrication during

the period. All of the designs employed features directed towards appli-

cation in the Qualification injector design. Most of these features were

not suitable for incorporation as minor modifications to existing injectors.

For others, there was sufficient ana]ytical justification to warrant their

initial use in a new injector design rather than in existing injectors

which might have other undersirable characteristics that could obscure

the test results.

R-5615-I0 I09
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Injector X0_3 w_s the only newly designed injector to be tested during the

period. The orifice pattern o2 XO_3 was identical to that of the Block 2

injectors, except for the cant sd oxidizer groups adjacent to the radial

baffles. The orifice diameters of these groups were 0.213 and 0,272 inch,

the larger being closer to the radial baffles. To reduce thermal gradients

across the rings and lower injector face temperatures, the ring thickness

was increased to 0.550 inch. It was believed that this action would help

to relieve the high ring-to-land stresses, thereby improving injector

durability. High-strength braze joint plating techniques were used on

this injector. The baffle system with the regeneratively cooled radial

vane design (Fig. 31 ) was incorporated.

A different regeneratively cooled baffle system was used on injector X04_.

This design (Fig. 32 ) had a regeneratively cooled outer circumferential

baffle with fuel injection at the base. Other new features were tapered

radial fuel feed ports (Fig. 33 ) with the fuel ring grooves machined

deep to intersect these ports. There were no axial fuel feed passages

as such in this unit. The oxidizer axial feed passages were enlarged.

The orifice pattern, in addition to the fuel injection groups at the base

of the outer circular baffle, differed from the Block 2 type injectors in

the canted groups adjacent to the radial vanes. The orifice diameters of

these groups were 0.185 and 0.209 inches,

Injector X057 was a 13-compartment, rotated, wide-base, bafiled injector.

The dump cooled baffles had a nonstandard height of 2.8 inches. A radially

aligned, programmed orifice pattern, similar to fllat used on injector 099,

was employed in an attempt to obtain the stability and performance character-

istics of the 25-compartment injector. High-strength plated rings, 0.550

inch thick, were also used on injector X057.

110 R-3613-10
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RADIAL BAFFLE

RING BAFFLE

/

RING TO RADIAL BAFFLE COI'_NECTOR

OXIDIZER F.EED_ ........................................

Figure 52 . Regeneratively Cooled Outer

Ring Baffle With Base Fuel Injection and

Dump-Cooled Radial Baffles
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The tapered radial fuel feed ports were again used on injector 105. This,

however, was tile only hydraulic improvement made on the body of this in-

jector. Tlle orifice pattern was a Block 2 type except for the canted

oxidizer orifice groups whose diameters were 0.199 and 0.23_ inches. The

baffle system was standard except for the 2.8-inch height. This unit

also had high-strength plated rings, 0.550 inch thick. Fuel flow to

the outer ring was restricted to 60 percent to improve performance.

REGENERATIVELY COOLED BAFFLE SYSTEb_

Since baffles were first adopted as stability devices on F-1 injectors,

an ultimate aim was the incorporation of a regeneratively cooled system.

The advantages of such a design are obvious, particularly in light of

the single-propellant, dump cooled systems used on the F-1. Returning

the coolant flow for injection to the combustion process at the injector

face would allow all sections of the combustion chamber to burn at the

same mixture ratio, thereby increasing the performance potential.

!

!.

Several regeneratively cooled baffle schemes were proposed for the F-1.

In most such concepts the baffle coolant flow is ducted into one or more

ring grooves to which feed from the radial fuel feed ports has been

eliminated. The flow is then i_ljected in the normal ring-type manner.

_other design utilizes the chamber by-pass fuel flow, ducting it into

the baffle system through a s,parate manifold mounted on the injector.

The coolant is then combined with the main fuel flow at the entrance to

the radial feed ports and distributed through the injector in the normal

manner.

114 R-5615-10



g

I1_ O C I_ IE_ T ]1_1_ r_ i_,; • A DIVlilON OF NORTH AMERICAN AVIATIOh INk-

A slightly different approach to regenerative baffle cooling was taken

on the F-1. Two systems with partial regenerative cooling were tested

during the period. All other injector parameters being equal, these

designs are stronger than the dump cooled systems. Because none of the

coolant flow is lost in the regenerative portion, velocities are higher

throughout entire system, thus improving the heat trax_sfer characteristics.

An alternative approach would permit maintenance of dump cooled bv ffle

velocities in partial regenerative systems with a reduced amount of flow,

the excess being injected through the rings, thus providing for increased

performance potential.

The two partial regenerative cooled baffle designs are shown in Fig. 5]

and 52 . In the system shown in Fig. 51 the radial baffles are re-

generatively cooled. In the system shown in Fig. 52 the outer circum-

ferential baffle is regeneratively cooled. The inner circular baffle

of both systems is dump cooled.

Various injector flow analyses had shown that the mixtureratios in the

annular zones on either side of the circular baffles was quite high.

This arises from the fact that the baffles replace normal fuel rings in

these areas and the baffle coolant flow is not sufficient to counter-

balance the surrounding oxidizer flow. Consequently, the total flowrate

through the regenerative radial baffle design was theoretically set to

be higher than tha_ through dump cooled baffles. Nith this design, flow

passage from the injector body to the upper portion of the circular

baffles is restricted, forcing much of the coolant into the radial baffles.

After flowing through a series of passages in the radials, the coolant

is then introduced into the upper portion of the circular baff]e where

it is injected through the tip. The tip injection orifices are of the

self-impinging type to increase propollant atomization, enhancing

performance. _le amount of flow was set according to the requirements

of the adjacent oxidizer rings•

R---56_5-10
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The regenerative circumferential baffle design takes the flow from the

injector body through passages to a manifold in the tip. The coolant then

flows along this manifold to other passages leading to the radial baffles.

Flow in the radial baffles is of the conventional dump cooled design. The

problem of supplying fuel to combine with the adjacent oxidizer ring flows

is handled in the regenerative circular baffle design by the addition of

self-impinging fuel orifice groups at the baffle base. These orifice

groups, which are fed directly from the groove which supplies the baffle

system, are sized so that their respective flowrates provide an equivalent

mixture ratio of 2._ when combined with half of the adjacent oxidizer

ring f_Low.

INJ]gCTOR DURABILITY

The studies to determine the cause of rin_ cracking and braze joint

failures on F-I injectors were continued° A test fixture simulating a

small area of F-I oxidizer rings was designed and built. It was planned

to thermally cycle the fixtures by induction heating to determine

whether ring cracking could be simulated through thermal processes and

_,ether such failures were associated with a given fatigue life. The

configuration of the test device is sho_m in Fig. 5_ •

Injector 085 was tested with ll thermocouples installed in the rings.

The results indicated that the oxidizer ring temperatures were lower

than those encountered on injector 082. A gradated Inconel-zirconium

oxid,: refractory" coating was used on injector 082 in an attempt to insulate

the ring surfaces from the combustion process. Durability of the coatirg

was unsatisfactory a_d the temperature data were inconclusive.

++
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Eleven braze test bodies and ring sets were fabricated for braze joint

evaluation tests. Tile configuration of the test assemblies was the same

as the first 10 rings of the F-1 injector. Various types and combina-

tions of platings were used to evaluate their effec*s on braze joint

strength. The assemblies were alloyed, cycled through the furnace, and

then hydrostatically pressure tested until failure of the brazed joint

occurred. Sections of the failed joints were analyzed to determine "the

mode of failure. The average failure pressures and the types of plating

used for each test bo_f are summarized on Table _ . The thickness of the

ring set is specified by the number in parentheses.

The test data indicate that the nickel-plated injector bodies (3_7 stain-

less steel) and gold-plated orifice rings (oxygen-free, high-conductivity

copper) produce excellent braze joint strengths. As a result of the

testing, an optimum plating thickness and braze gap was determined. It

_as planned to incorporate the configuration into development injectors

for hot-firing evaluation during the next period. The configuration con-

sists of nickel plating (0.0002 to 0.000_ inch thick) on the ring grooves

and gold plating (0.0002 to 0.000_ inch thick) on the rings, the braze

gap held between 0.000 and 0.00_ inch. Four additzonal hydrostatic test

units of this configuration _ere also to be fabricated and tested during

the following period to establish a confidence level.

jr_

_D
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TABLE 3

PLATINGS ._I) FAILURE PRESSURES

Body ,. and
Ring T ickness,

inches

No. 1

Ring _ )yes
Ring Set. (0.350)

No. 2

Ring )yes

Ring Set (0.350)

No. 3
Ring _ves
Ring Set (0.350)

No.

Ring _ves

Ring Set

No. 5
Ring ores
Ring Set (0,350)

No. 6

Ring oves
Ring Set (0.350)

No. 7

Ring ores
Ring Set (0.350)

No. 8

Ring ores
Ring Set (0.350)

No. 9
Ring ores

Ring Set (0.350)

No. I0

Ring ores
Ring Set (0.350)

Plating, inches Failure Pressure, psi
,, , ,

Vapor honed
Gold (0.0006/0.0010 thick)

Gold I_ 00019 thick)Gold :00011 thick)

Nickel (0.0002/0.000_ thick)

Gold (0.00011 thick)

Nickel (0.0002/0.000_ thick)
Gold (0.0006/0.0010 thick)

Vapor honed
Liquid gold

Nickel (0.0002/0,000_ thick)
Gold (0.0001/0.0002 thick)

Nickel !0.0002/0,000_ thick
Nickel _0.0002/0.000_ thick

Gold I0.00019 thick)
Gold (0.00011 thick)

Nickel (0.0002/0.000_ thick)
Chrome strike and nickel

(0.0002/0.000_ thick)

Nickel (0.0002/0.000_ thick)
Chrome strike and nickel
(0.0002/0.0004 thick)

Nickel (0.0002/0.000_ thick)

Gold (0.000)/0.000_ thick )

23,500

28,700

27,290

21,800

26,625

27,600

19,000

38,950

2_,410

1_,670

No. Ii

Ring ores
Ring Set (0.350) 29,200
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INSTRUMENTATION

INJH_TOR RING TEMPERATURE MEASURFMENTS

....q

When the problem of ring cracking arose on PFRT t_e injectors being

tested at the Marshall Space Flight Center in Huntsville, Alabama, a

concerted effort was made to determine F-I injecto_'face temperature

during hot-firing operation. The art of installing thermocouples to

measure injector face temperatures was not well developed. Ideally, a

good installation is one which does not disturb the parent ring material

and which is rugged enough to withstand the rigors of repeated testing.

Where the ideal combination could not be attained, the emphasis was

first placed on ruggedness.

The first attempts at installing thermocouples on F-I injectors were

made with injector 082. Three thermocouples were installed: one in a

fuel ring, one in an oxidizer ring, and one on the steel outer periphery

of the injector. Figure 55 shows the installation technique. A 0.090-

inch-deep notch was milled into the surface of the ring. An 0.080-inch-

diameter electroformed copper tip, which encased the thermocouple hot

junction, was placed in the notch. The shielded leads were fed into a

bomb boss and through the fuel feed passages of the injector body to a

junction box mounted on the main injector flange. :The thermocouples

were fixed in place by the application of Nioro braze alloy which was

then ground flush with the original ring surface.

The initial readings with this installation indicatpd oxidizer ring tem-

peratures of 900 F and fuel ring temperatures of 550 F. A fair _mount

of confidence was placed in these first values as being "nominal" ring

1t-5615-10 ]21
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temperatures, however, data from other injectors, such as injector XO_3,

failed to substantiate these results. Referring to section B-B of

Fig. 55 the reason for high readings becomes apparent. Should the braze

alloy fail to flow around the thermocc_ple shield, air gaps or voids

would result, and heat transfer rates would be reduced, leading to higher

recorded temperatures.

An improved installation tec_lique is illustrated in Fig. 56 • The

electroformed copper tip was eliminated from the end of the thermocouple.

The 0.0AO-inch-diameter thermocouple sheath was mounted in a O.050-inch

notch, which had a rounded bottom. This allowed more intimate contact

of the thermocouple with the parent ring material. A higher fluid_.ty

braze alloy, BT, was substituted for the Nioro alloy used in the previous

installation to decrease the possibility of air gaps. Other details of

the mounting are similar to those described above..

Injector 085 was hot fired with 11 improved installation thermocouples

mounted in the injector body and rings. The e)ectroformed copper tip,

however, was retained. The thermocouples were located between orifices

of a pair and between pairs on both oxidizer and fuel rings, on the steel

ring lands, and on the baffles. Seven full-duration engine te_ts and one

short-duration test were conducted with this injector. Table _ indicates

the range of the temperature data obtained.

These results indicated that the temperatures obtained during the steady-

state portion of a test were not sufficienL to cause ring cracking. The

maximum temperature at any particular thermocouple location varied little

throughout the mainstage portion. Sharp temperature changes were noted,

however, during the start transients.

._, t ........ 'q ..... Pl , _ ,
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TABLE 4

F-1 IN3_TOR TE_IPERATdRE DATA

Thermocouple Location

1. Fuel ring between orifices of a pair

2. Fuel ring between pairs

3. Oxidizer ring 0.040 inch from liquid side

4. Oxidizer ring between orifices of a pair

5. Oxidizer ring between pairs

6, Land between rings

7. Top edge of outer circular baffle

8. Hiddle side of outer circular baffle

9. Bate of outer circular baffle

10. Outer steel land

11. Outer periphery of injector body

Temprrature RanCe_ F

350 to _00

230 to 260

-130 to -160

No reading

50 to -50

50 to 100

In excess of 1200

In excess of 1200

No reading

475 to 61o

5_0 to 700

1t-5615-10 125
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Through analyses of the temperature data obtained with different injectors

it was concluded that there was no single LOX or 51el ring temperature.

Rather there were many. The factors influencing a given temperature

reading included local pattern geometry, local injector flow character-

istics_ local heat flux, the presence or absence of an insulating layer

of carbon, etc. The thermocouple installatinn tech, lquu itself can in-

fluence the reading. In view of this, conclusions based on temperature

data must be derived carefully and only when there is a sufficient sample

to establish a high statistical confidence level.

C

AVERAGE HEANSQUAP_ACCELERATION CHARTS

Concern was expressed over identification of a possible "noisy" engine.

It was proposed that Average Mean Square Acceleration Charts (MSG) be

used to determine the average vibration level of the F-1 engines. These

are essentially broad-band plotsof energy (vibration level) vs time.

This procedure had been successful!y used on the Jupiter and Thor engines

and was being used to determine the average vibration level of the Atlas

eugines. The maximum acceptable average vibration level was set at _0 g

rms (1600 g ms).

A modified true rms voltmeter is used to detect the average mean square

value of the acceleration. To obtain a realistic evaluation of the trend

in energy level, the averaging time of the meter was modified to three

times (3T time), the time constant (T - R C) of the averaging circuit in

the meter. The use of 3T averaging time ensures that at least 95 percent

of the available information is considered for highly complex wave forms.

A much greater percentage of accelerometer informaL_on is utilized because

these wave forms are essentially stationary with time. There is a choice

_Jw
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of three different time constants available in the system: 0.833, 0.hl?,

and 0.208 seconds. The recommended time constant for the F-1 analysis

is 0.833 seconds (3T = 2.5 seconds).

The voltmeter used in this system had.r crest factor (the ratio of the

maximum amplitude of a voltage wave t _e effective value) of greater

than four. To accurately measure thetrue rms value of a complex wave

form, a voltmeter mast h_ve a crest factor of at least three.

In _rac_ice, the accelerometer signal is played back from a tape recorder

and amplified with a wide-band, dc amplifier as shown below.

Tape _ dcRecorder Amplifier

True

I I1 voit-I I [Seoor   [
' ' "| Meter i"

The signal is then fed to the modified Ballentine true rum voltmeter,

where it is converted to a mean squared value and averaged over a time

span (3T) throughout the run. The information is channeled through

another dc amplifier and graphically presented on a Brush recorder.

The Brush recorder plots the averaged mean-squared voltage signal (cal-

ibrated in g of acceleration squared) as a function of time.

A summary of the results of MSG charts from 20 F-1 engine tests is tab-

u]ated in Table 5 •
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TABLE 5

SUMMARY OF MSG CHARTS FROM 20 ENGINE TESTS

USING AN FRT-TYPE INJI_TOR

Engine
No.

013-2

025

025

02_

2016

2013

2015

01_-1

01_-1

All

Injector
No.

X056

X052

099

085

2017

2015

2016

X-55

10_

Tests
I

No. of
Tests

Ari t_,_etic

Mean,

g rms

5

.-2

1

3

2

3

1

1

20

9.80

9.95

11.05

Ii._0

11.20

11.30

10.00

10.60

8.70

I0._

Standard

Deviation,

g rms
m

0._53

O.022

0.018

0.530

O.OOO

0.290

m_

0.899

+ 3_

g rms

11.16

10.02

ii.i0

12.79

11.30

10.86

- 5_

g rms

8.gg

9.88

11.00

9.61

11.30

9.1_

7.7_

128 P,,-.5615-10
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BOMB PROGRAM

Performance of the standard configuration combustion stability bombs at

test stand 2A continued to be satisfactory; no failures or unusual de-

tonation characteristics were experienced. Three FI_ engines were success ....

fully bombed with the new bomb, which incorporated a short ablative shield;

detonation times averaged 76o milliseconds from 90 percent chamber pressure.

Use of the experimental, full-ablative-shielded, long-duration bomb was

discontinued when a detonation failure on a double bomb test was exper-

ienced. The most likely failure mode was gradual softening of the thermo-

plastic inner parts, with consequent expulsion of the inner case and

unexploded blasting cap while the ablative shield ren_ained intact.

A new long-duration bomb that utilized only an ablative shield between

the combustion chamber and the blasting cap .was build but not tested

during the report period.

The bomb research program was continued. The program was initiated to

provide information on bomb performance relative to forcing combustion

instability and to establish a means of characterizing bombs for rating

and comparison. The paramount results obtained were with the Beckman

and _(hitley rotating mirror-streak and framing camera. It was demon-

strated that the explosion pattern was primarily directed in a 360-degree

radial pattern from the bomb and that the bomb case configuration and

strength at the time of detonation can significantly affect the velocity

and overpressure of the expanding detonation.

P_5615-10 129
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Figures 57 through 59 exemplify the photographs that were obtained and

demonstrate the case strength effect. Each picture was L.ken at 06,600

frames per second or 15.15 microseconds between pictures. Note that the

detonation expands much more rapidly as the thickness of the surrounding

wall is decreased; it is believed that the reduced wall thickness bomb

of Fig. 58 is typical of the configuration at the time of thermal detona-

tion in the combustion zone. The pictured detonating bombs are:

Figure 57

Figure 58

Figure 59

A standard Model 1_ bomb with a 13.5 grain E-81 blasting

cap charge

A Model 1_ bomb with the case wall thickness cut down from

0.235 to 0.100 inch.

An uushielded E-81 blasting cap

130
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Figure 57 • Model I_ Bo_b _t

!1t-5615-10 131
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Figure 38.

IDB99-3/30/65-SI

Model 1_ Bomb With Reduced Wall Thickness
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1DB65-5/20/65-S1B

Figure 59 .

R.-5615-10

Unshielded E-S1 Cap
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RESFARCH

Nith testing of the high-pressure, two-dimensional research motor (HP2D)

temporarily suspended during this period, research activity was concerned

with a variety of other more basic aspects of the combustion instability

problem. Included among these were the data reduction and analysis of

a backlog of HP2D tests, a review of Priem's combustion instability theory,

and the pursuance of studies such as acoustic absorption and supercritical

droplet heating.

HP2D ANALYSIS

An effort was made to obtain useful information from the horizontal

streak film obtained during unstable operation of the HP2D motor. The

data must be reduced during a time period when only axial gas flow exists.

This, in turn required reference to the vertical streak film to determine

when the flow pattern behind the wave front indicated axial flow. A

lack of clarity in the vertical streak film hampered this effort. A re-

duction of the data from one run, however, indicated that the burning

rate during unstable combustion was greater than that during steady state.

A summary of HP2D instability tests was prepared in the form of a plot

of amplitude vs frequency for the various injectors employed (Fig. 60 ).

Regions of instability, marginal stability, and dynamic stability are

shown. With the exceptions of buzz instability points, no unstable

points were found that had an amplitude range lower than 400 to 500 psi

peak to peak.
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A review of the transverse combustion instability theory of Crocco et al,

was undertaken to determine its applicability to the results of HP2D

tests. Because of various analytical assumptions, the differences in

hardware geometry betwee:_ Crocco's work and that of the HP2D, and the

presentation of stability limits in terms that are difficult to relate

to injector design parameters, it was concluded that the Crocco theory

was not immediately applicable to the HP2D.

COMBUSTION INSTABILITY THEORY

The combustion stability theory of Priem (NASA Technical Note D-I_09)

was reviewed and was selected for computer programming. The program

was planned to be used to analyze data from the HP2D research motor to

verify the theory.

Using a nonlinear approach, Priem calculatedregions of combustion in-

stability for an annular combustor of very small thickness and length.

The burning rates in the mathematical model were assumed to equal re-

spectively the atomization rate, the vaporization rate, and the chemical

reaction rate. Mixing was not taken into account. By assuming that the

temperature and velocity of liquid drops were constant, relations were

derived from which pressure, temperature, and gas velocity of various

positions in the combustor could be calculated at any time following an

assumed initial pressure disturbance. The minimum disturbance required

to excite instability may be determined through examination of the pres-

sure histories of various cases. The vaporization rate model was found

to be more sensitive to such pressure disturbances for design parameters

corresponding to large combustors.
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The stable and unstable regions were located by determining the margin-

ally stable curve on a plot of disturbance amplit,,de vs the burning

rate parameter, L. For the case of the vaporization rate model, the

minimum disturbance necessary to excite instabiliLy was found to be a

strong function of the velocity difference between gas and liquid drops

and the dimensionless group

M

yap o

W. t
ZnJo w

(which is dependent on the amount of unvaporized propellant) as well as

the burning rate parameter, L. Variations in the viscous dissipation

parameter, J, were found to be unimportant.

Successful use of Priem's results depends on the accurate prediction of

the above mentioned parameters. This, in turn, involves experimental

determination or verification of various quantities, such as gas veloc-

ities, pressures, etc. Much consideration went into the modification

of Prism's theory necessary for an equivalent rectangular formulation,

A solution may be obtained if five boundary conditions stating the tan-

gential velocity, temperature, density, and position are given in addi-

tion to the initial conditions. When the first transverse mode of in-

stability in the HP2D motor is considered, a standing wave nust be post-

ulated to yield the required number of boundary conditions.

The theory was reprogranlned at Rocketdyne in its annular form to dupli-

cate Priem's results. The checkout runs of the program were in very

good agreement with Priem's results. In contrast to Pricm's program,

however, the _ocketdyne program is numerically stable for all size time

138 R..-5615-10
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increments. Using the considerations mentioned in the above paragraph,

an equivalent rectangular form was derived from the HP2D motor.

Analysis of HP2D data requires determination of the burning rate and mass

concentration of unvaporized propellant. These can be found by using the

HP2D steady-state velocity profile, propellant injection rates, and the-

oretical propellant performance data. Values of these parameters were

calculated as a function of the axial position in the chamber using a

mnss balance. For the application to Prism's theory, however, only those

values at a distance of 3 to _ inches from the injector face were em-

ployed, since this distance is considered the most sensitive to disturbances.

Two cases were considered while performing the above-mentioned mass balance

calculations. In the first case, chamber pressure was assumed constant

at i100 psi, while in the second case, a pressure profile typical of the

HP2D was assumed. All the fuel was found to be burned at the beginning

of the nozzle convergence in the first case, while only 65 percent of the

fuel was burned for the second case.

ACOUSTIC ABSORPTION STUDIES

Effort was expended during this period in overcoming instability with

acoustic damping devices. Bench tests of cylindrical cavities, models

of combustion chambers, and damping elements were studied.

Experimental investigation of the effect produced in cylindrical cavi-

ties by the introduction of a coupled slit was continued. The previously

used fixture with a radial slit geometry was modified to allow coupling

of the cavity to longitudinally oriented slits. Slit lengths of 1/2 and

R-5615-10
139
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1 inch were employed with the widths varying at 0.Ol_-inch intervals.

Attenuation of the tangential mode was greateI with the deeper slit.

For each slit height and vibrational mode, a wicth exists at which max-

imum attenuation occurs. Attenuations of 3.8, 11.0, and 8.5 decibels

were obtained at optimum width with the 1/2-inch slit for the first and

second tangential and the first radial modes, respectively. With the

1-inch slit respective attenuations of 9.1, 17.8, and 7.0 decibels were

obtained.

m

Another aspect of the damping effect of slits on cavity resonance was

also investigated. It was established that coupling the cavity with a

slit length equal to a quarter wave of the exciting frequency produced

marked attenuation of the normal cavity response. Even greater absorption

could be obtained by providing grooved annular passages toward the rear

part of the slit. It was concluded that the high absorption with the

grooves resulted from turbulence in the wave motion produced at the higher

acoustic pressure zones in the standing quarter wave established in the

slit.

The feasibility of using the Rayleigh-Ritz method of calculating the first

tangential mode frequency in three-dimensional baffled chambers _ms ex-

plored. Calculations s_d experimental measurements were made for a

cylindrical chamber 13.5 inches long by 15.6 inches ID, with 13 baffles

2.4 inches long. The measured first tangential frequency was 511 cps

without baffles and &70 cps with baffles. The Rayleigh-Ritz method pre-

dicted a frequency of _68 cps in the baffled case. It was noted during

the experimental testing that the presence of baffles increased the longi-

tudinvl frequency slightly.

lhO P,,-.5615-10
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The analysis, however, failed to predict the frequencies noted during

testing of F-1 and HP2D motors. A postulated reason is that, although

the leugth of these chambers is _0 inches, there is some effective length

for acoustic waves which is _nsiderably smaller than the physical length.

This hypothesis has considerable merit when it is noted that there is

gross attenuation of presssure amplitude along the chamber length.

SUP_CRITICAL DROPLET HEATING

The purpose of this study was to examine the dynamic behavior of droplets

injected into a gas _hose temperature and pressure are supercritical for

the liquid. Such conditions existed for both propellants under the

operating conditions of the F-1 and HP2Dmotors. The procedure involved

analytical mapping of the behavior of several liquid gas combinations

and then choosing experimental conditions to photographically observe

the moving droplets as they reach their critical temperature.

Among the various combinations considered was liquid ethane injected into

helium and nitrogen gases. Calculations showed that heliumpressures in

excess of 1750 psia are required to heat ethane droplets through the

critical temperature (550 R) at gas temperatures of 750 R. Slightly

lower pressures (1500 psia) may be used with gas temperatures up to 950 R.

Because vaporization processes at these lower limits remove much of the

droplets before the critical temperature isreached, higher pressures

would be needed to increase heat transfer rates and conserve more of the

droplet mass in the liquid state. Calculations showed that droplets

ranging in size up to 1000 microns may be examined in 10 inches of

chamber length.

R-56!5-10 I_I
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Two major differences between nitrogen and helium are the higher gas

density of nitrogen and the higher thermal conductivity of helium. The

higher density of nitrogen absorbs the droplet momentum faster, allowing

a wider range of droplet sizes to be studied. The higher thermal con-

ductivity of helium is advantageous for producing higher heat transfer

rates.

f
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